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Preface 
Human activities are increasingly modifying natural habitats, through habitat 
degradation and destruction, but also through the introduction of non-indigenous species. 
Biotic invasions are recognised as a pervasive force within many ecosystems, often altering 
ecosystem function and structure. While some invasions go unnoticed, some lead to 
multispecies extinctions and compete ecosystem upheaval. Indeed, freshwaters are 
considered some of the most impacted by invasive organisms (Richardi and MacIsaac 2011).  
This thesis examines Didymosphenia geminata (Lyngbye) M. Schmidt. 
(Bacillariophyceae) or Didymo. Didymosphenia geminata is a northern hemisphere invasive, 
bloom forming diatom that is undergoing expansion within native ranges, but is also invading 
new geographic regions. The frequency of blooms have also increasing in frequency and 
severity. It was first identified within New Zealand in the lower Waiau River, Southland in 
2004, and has since colonised almost every major South Island catchment. Didymosphenia 
geminata is a well studied organism where blooms are conspicuous and economically and 
environmentally damaging. Didymosphenia geminata is also peculiar in that these blooms are 
due to nutrient deprivation, a paradoxical response contrasting it with other algae. Despite a 
number of years of focus, from many scientists and a wealth of scientific publications (refs 
in. Whitton et al. 2009; Bothwell et al. 2014), a number of questions remained unanswered at 
the conception of this thesis.  
In the following I extend the knowledge of D. geminata and answer some of these 
uncertainties, further providing evidence and insight for a number of hypotheses. This thesis 
from its beginnings, has been designed and drafted with the intention that each chapter, with 
the possible exception of the last, will be submitted as a peer reviewed journal article. Thus 
the format of chapters will follow this convention. 
Study one examines the abiotic, or physicochemical drivers of D. geminata presence 
and biomass, which may still be considered contentious, potentially varying from region to 
region. This study examined ~150 physicochemical parameters, in a survey of 55 sites from 
across the South island of New Zealand. Chemical, physical, GIS calculated and data derived 
from geodatabases was used to determine which variables were most influential in explaining 
D. geminata presence and biomass. 
Study two examines community responses of algae and invertebrates from the above 
survey to D. geminata and physicochemical and spatial parameters. Within this study we 
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further explain results in terms of niche and neutral theories where community responses 
differ. 
Study three examines proximate causes of bloom formation in D. geminata. This 
furthers the work of Kilroy and Bothwell (2011), whilst also provides evidence for the 
mechanism of D. geminata declines within higher nutrient water ways. 
Study four examines the ultimate causes of bloom formation, providing an adaptive 
reason for this 'paradoxical' trait in D. geminata. Specifically we examine blooms and provide 
evidence that this is an adaptation to oligotrophy. This trait may be considered novel (in its 
extent), and may provide an example of a resource acquisition strategy, although competing 
theories and exaptations temper this argument. 
Study five places D. geminata within context of the broader invasion science field. I  
examine the habitats D. geminata invades, adaptations to invasion promoting invasion 
success, and examine theories and paradigms not considered earlier in the thesis. I also 
provide an opinion, regarding a current debate within the literature; whether D. geminata 
invasion is occurring because of a new ecotype, or whether global anthropogenic changes are 
driving the development of blooms (see Taylor and Bothwell 2014). 
A trade-off may be noted with a papers based approach. Such an approach may lead 
to brevity. However, I have adopted this where scientific papers are the currency of 
contemporary scientists. Moreover information dissemination is a criticism of research 
scientists, and yet it is one of our primary goals. I believe the approach adopted here, best 
communicates and promotes this work.  
My results may be used to support long term management decisions, further the 
science and understanding of D. geminata, and guide future research. 
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1.1. Abstract 
Didymosphenia geminata is an alga of major concern within temperate regions due to 
unprecedented bloom formation. Despite suspected invasion and the increased frequency and 
severity of biomass, no study has collectively examined landscape to microhabitat scale 
physical and chemical habitat controls across a broad spatial scale. The aim of this study was 
to refine understanding of habitat controls. In a field based study, we surveyed 55 distinct 
waterways during the summer of summer 2009-10, across South Island, New Zealand to 
determine factors controlling D. geminata distribution and biomass. Didymosphenia 
geminata was detected at 82% of sites, grew within the periphyton at 54%, and at 25% 
exceeded algal bloom limits. We tested 105 variables at catchment to patch scales, and found 
the influence of upriver lakes, impoundments and wetlands (P<0.05) and nitrate + nitrite 
(P=0.08) were the primary drivers of D. geminata presence within rivers. Didymosphenia 
geminata biomass was best explained by increasing river stability (Pfankuch) (P<0.005) and 
decreasing nitrate-nitrite concentrations (P<0.005). Other significant predictors of biomass 
were the degree of lentic influence, mean water velocity, mean Froude's stress and 
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concentrations of total phosphorus, dissolved magnesium, silica and nitrate-nitrite. A patch 
scale subsidy-stress relationship was also apparent with water velocity (GAMM, P<0.05). 
Our findings show D. geminata is influenced by varied conditions at multiple spatial scales, 
preferentially occurring and blooming within stable, lake or dam fed oligotrophic habitats. 
This work supports the finding that D. geminata exhibits a strong ecophysiological response 
of stalk production due to nutrient limitation, resulting in bloom formation, however our 
findings reinforce accrual is constrained by physical processes that act at catchment to patch 
scales. 
 
1.2. Introduction 
Invasive organisms are a leading cause of species extinctions and have the potential to 
disrupt entire ecosystems (Simberlof and Rejmanek 2011). To assess potential impacts of an 
invasive species, it is necessary to understand its interactions with native biota and 
ecosystems, its habitat preferences and environmental tolerances, and the potential for the 
invader to spread (Elton 1958; Parker et al. 1999; Simberlof and Rejmanek 2011).  
Didymosphenia geminata (Lyngbye) M. Schmidt. (Bacillariophyceae) is a freshwater 
diatom that forms colonies with individual cells attached to the ends of branched stalks. It has 
received considerable international attention due to an increased propensity for bloom 
formation, within new and existing ranges. Two reasons may explain this trend; an invasive 
bloom forming ecotype of D. geminata has been invading new regions, or environmental 
changes are occuring such as decreasing phosphorus, which may trigger bloom formation 
(Bothwell et al. 2014; Taylor and Bothwell 2014). Strong evidence exists that D. geminata is 
an invasive ecotype within New Zealand, with reliable records lacking prior to 2004 (eg. 
Cassie 1983; reviewed in Kilroy and Unwin 2011). Thus for the context of this paper, within 
New Zealand, we will treat D. geminata as an invasive (Kilroy and Unwin 2011; Reid et al. 
2012; Reid and Torres 2014). Didymosphenia geminata is regarded as a Northern 
Hemisphere species of temperate freshwater habitats (Krammer & Lange-Bertalot 1986). It 
was first discovered in a New Zealand river in 2004 and was declared an unwanted organism 
one month later (Biosecurity Act 1993). Since its arrival in New Zealand it has spread to 
>172 rivers and streams and >15 lakes and impoundments. It is currently found only in the 
South Island. 
Proliferations primarily consist of stalk material, with biomass occasionally exceeding 
600 g.m
-2
 ash free dry mass (AFDM), which is greater than an order of magnitude increase 
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over typical periphyton growths in New Zealand rivers (Biggs and Price 1987; Biggs 2000). 
Proliferations may cover 100% of the substratum (Larned et al. 2007) and these dramatic 
changes in algal biomass have subsequent effects on invertebrate fauna (Shelby 2006; Kilroy 
2006; Larned 2007; McLaughlan 2008; Gillis and Chalifour 2009; Kilroy et al. 2009; Taylor 
2012) and ichthyofauna (Hayes et al. 2007; Bonnet 2008; Bickel and Closs 2008; Taylor 
2012). 
Landscape scale predictors known to influence D. geminata include lentic 
waterbodies (impoundments, wetlands/peatlands and lakes), the upstream influence of tundra, 
watershed disturbance and geology. Lentic waterbodies alter hydrologic regimes, dampen 
peak water flows, alter sediment and gravel transport down rivers and change water 
chemistry, and a number of studies have mentioned the significance of lentic water bodies, 
with regards D. geminata biomass (Kawecka and Sanecki 2003; cf. Noga 2003; Kirkwood et 
al. 2007; Kilroy et al. 2007; Ellwood and Whitton 2007; Kirkwood et al. 2009). Tundra, 
watershed disturbance and the occurrence of peaty soils were identified as significant 
predictors of D. geminata presence, in a presence absence study of 485 streams in western 
USA (Weilhofer et al. 2006 in Whitton et al. 2009). Rost et al. (2011) further found water 
chemistry and geology to be strongly linked to D. geminata river presence. These authors 
identified Ca
2+
 as the best predictor of D. geminata presence within Sierra Nevada streams, 
with meta-sedimentary rock Mg
2+
 and SO4
2-
 also identified as highly significant predictors of 
river presence. 
Disturbance, water velocity, sheer stresses, bed mobility, discharge, are flow related 
variables (Hart and Finelli 1999), that are dominant controlling factors on periphyton biomass 
and composition (Biggs and Close 1989; Biggs et al. 1999), and strongly influences D. 
geminata biomass (Kilroy et al. 2005; Kirkwood et al. 2007; Miller et al. 2009; Larned et al. 
2011). The species may be considered rheophilic (flow loving), and is considered to have 
broad hydraulic tolerances, with a preference for more stable flows with lower discharges 
(Kirkwood et al. 2007, 2009; Kilroy et al. 2006; Miller et al. 2009). Substrate has also been 
identified as important, where rougher rock types are more likely to be colonised (Bergey et 
al. 2009). Increased turbidity has been also been negatively correlated with of D. geminata 
presence, which was related to discharge (Kirkwood et al. 2007; Kirkwood et al. 2009). 
Significant recent advances have identified the mechanisms for bloom formation 
(Kilroy and Bothwell 2011), and identified soluble reactive phosphorus as the major nutrient 
limiting cell division rates (Bothwell and Kilroy 2011; Bothwell and Kilroy 2012; Bothwell 
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et al. 2014). These studies have shown with both observational and experimental studies, that 
soluble reactive phosphorus (below ~2 ppb), limits cell division rates resulting in stalk 
elongation, which is the proximate mechanism of bloom development (Kilroy and Bothwell 
2011; Bothwell et al. 2014). Early work identified that spring-fed tributaries within the 
Waitaki region of New Zealand remained free of D. geminata despite regular natural 
introductions (Sutherland et al. 2007). Where these tributaries merge with waters that have 
dense growths of D. geminata, the confluence zones cause senescence of benthic growths 
(Sutherland et al. 2007). These observations sparked interest where flow stability and similar 
habitat characteristics between springs and main stem reaches, suggested water chemistry 
may provide the answer to the absence of D. geminata within springs and senescence at 
confluence zones (Sutherland et al. 2007; Kilroy and Bothwell 2010). Similarly it has been 
observed that D. geminata may be sensitive to high phosphorus concentrations, where it is 
absent from water with >20 µgL
-1
 total phosphorus (Lindstrom and Skulberg 2008). In 
contrast a number of authors also posit broadening water chemistry tolerances, with cells 
identified from both meso and eutrophic waterways (Kawecka and Sanecki 2003; Noga 2003; 
Subakov-Simic and Cvijan 2004). Use of nutrient-diffusing substrata identified nitrogen and 
phosphorus limitation, with usual accrual ≤60% of that under enriched conditions (Larned et 
al. 2007), although these observations did not directly quantify D. geminata biovolume as it 
related to biomass. Didymosphenia geminata occurs over a wide range of pH from pH 6.7 
(Lindstrøm and Skulberg 2008) to pH 9.2 (Kawecka and Sanecki 2003). Calcium has also 
been identified as an important control on D. geminata in a number of studies, for example D. 
geminata only occurred within waters with calcium concentrations >1.8 mgL
-1
 in Norway 
(Lindstrom and Skulberg 2008), and was the strongest predictor of presence within Sierra 
Nevada streams (Rost et al. 2011). Studies have also identified dissolved calcium, 
magnesium and sulphate as important (Kaweka and Sanecki 2003; refs. in Whitton et al. 
2009; Rost et al. 2011).  
While biotic process often have major impacts on organisms and community 
composition, these process are first constrained by abiotic conditions. That is, to be present 
within a habitat, an organism must first be able to survive and reproduce, where abiotic 
controls typically first drive adaptation, later constraining any biotic interactions (Lytle and 
Poff 2004). We will further decompose physicochemical controls into a spatial hierarchy to 
enable effective examination of influential variables at the landscape, reach and patch scales 
(Poff et al. 1997; Lytle and Poff 2004; Biggs et al. 2005). Field survey data is often complex, 
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however with the use of multivariate statistical analyses, the primary variables influencing 
the realised niche of an organism (sensu Hutchinson 1957), may be elucidated across multiple 
scales. This approach identifies variables which may be the most relevant for environmental 
management and distribution modeling (Omernik 1995; Griffith et al. 2002; Kilroy et al. 
2007; Kumar et al. 2009). Our aims were to determine the factors both physical and chemical, 
within a spatial hierarchy, that drive D. geminata biomass, and presence.  
 
1.3. Methods 
1.3.1 Study sites 
A one off field survey was conducted at 55 rivers and streams within South Island, 
New Zealand during the summer of 2009-10 (Appendix 1). Each site was visited once, and 
each new site was within a new river to ensure independence. Study design stratified 
sampling effort to include a gradient of D. geminata biomass and reference sites within 
geographic regions: Nelson/Marlborough (11 sites), Canterbury (19), West Coast (10), Otago 
(10) and Southland (5). Geology and land use type are described in detail within Appendix 3. 
Youngest sediments (Fig. 1) include is the youngest described and was created less that 2 
mya comprised of alluvial deposits from erosion of the Southern Alps and foothills. Volcanic 
sedimentary rocks are those that were created during volcanic eruptions on the sea floor and 
are now incorporated into orogenic belts. Young volcanic rocks are associated with minor 
volcanism due to subduction and occur across New Zealand. Schist is a common rock type 
within the South Island and is a sedimentary rock that has been acted on by heat and pressure 
increasing its hardness. Post-Gondwana rocks are sedimentary rocks created less that 100mya 
and included limestone and coal measures. Greywacke is a texturally immature sedimentary 
rock and underlies ~70 of New Zealand making it the most common rock type. Earliest 
metamorphic and sedimentary rocks are similar in composition to Greywacke and are 
comprised of feldspar, sandstone fragments and other protoliths. 
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Figure 1.1: a) Study sites within the South Island of New Zealand. The North Island is still free of 
Didymosphenia geminata so was excluded from the survey. High biomass sites       were dominated by D. 
geminata and exceeded >50 AFDM g.m
-2
. Medium-Low sites      had D. geminata within the periphyton but did 
not meet this proliferation limit. Positive-absent sites     were positive for suspended D. geminata cells, with no 
benthic cells. Reference sites ● had no living cells within the periphyton or within the water column. b) Quarter 
million mapping program dominant geology types across the South Island of New Zealand, discussed in full 
within Section 1.3.1. 
 
1.3.2. Field methods 
At each site, a 50 m reach was selected that included a wadeable riffle-run complex. 
Depth and water velocity were measured across a riffle transect using a Marsh McBirney 
Flowmate. Wet channel width was measured or, in large unwadable rivers, estimated. To 
express the relative influence of shear stresses related to discharge within a reach, Froude's 
number was calculated. Fr = V/(D.g)
0.5 
, where V = mean water column velocity (m.s
-1
); D = 
mean depth(m); g = acceleration due to gravity (9.81 m.s
-1
). Froudes number and average 
reach velocities both represent average reach values. Riparian canopy cover was visually 
estimated at the centre of the wadeable transect using a densiometer. Channel stability or 
disturbance was estimated using the method of Pfankuch (1975). A streambed substrate index 
(SI) was calculated to determine the relative area occupied by six substrate categories (Jowett 
& Richardson 1990). Embeddedness was calculated using the Brunsven substrate index 
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(Harding et al. 2009). Approximate flow derived from upstream lentic waterbodies was 
estimated using ARC-GIS 9.2  and a score given to each site according to the proportion of 
flow derived from upstream lentic waterbodies: 1) sites receiving <5% of flow from lentic 
sources; 2) on-channel still waterbodies contributing 5-20% of flow; 3) on-channel still 
waterbodies contributing 20-60% of flow; 4) on-channel still waterbodies contributing >60% 
of flow. 
A wadeable transect across a riffle at each site was established and ten equidistant 
points were sampled for velocity, depth, visual biomass index (VBI = % area covered * mat 
depth; Kilroy et al. 2006). These individual values were used to examine patch scale controls 
of velocity on biomass. A quantitative periphyton sample was taken from each transect point 
and all 10 samples were merged and stored chilled.  Quantitative suspended D. geminata 
densities, cells per liter of river water were obtained following Kilroy and Dale (2006). 
 
1.3.3. Laboratory methods 
Filtered and unfiltered water samples were collected in acid-washed bottles, stored 
chilled and then frozen for later laboratory analysis. Eleven water chemistry variables (total 
alkalinity, dissolved calcium, dissolved magnesium, total nitrogen, nitrate + nitrite, total 
Kjeldahl nitrogen (TKN), dissolved reactive phosphorus, total dissolved phosphorus (TDP), 
total phosphorus, organic phosphorus and reactive silica (SiO2) were analysed using 
standards following APHA methods (R. J. Hill Laboratories Ltd, Hamilton, New Zealand, see 
Appendix 1.2 for water chemistry methods). Water samples were stored for long periods of 
time during the extensive field season for this survey, and occasionally during transport these 
were at suboptimal temperature i.e. >4˚C. Given this is the case, we note that phosphatases 
associated with periphyton, particularly High biomass D. geminata sites (unpublished data) 
may have had time act on organic phosphorus compounds. Thus potentially elevating 
phosphorus as total dissolved phosphorus and dissolved reactive phosphorus, while 
decreasing observed concentrations of organic phosphorus. 
Each composite algae sample was homogenised for 30 s using a hand blender, with an 
aliquot taken for analysis of taxonomic composition, relative abundance and biovolume 
preserved with Lugol's iodine, and the remainder frozen for biomass analysis (chlorophyll a 
and AFDM ; Biggs and Kilroy 2000). Ash free dry mass (AFDM) was calculated following 
methods in Biggs and Kilroy 2000. Chlorophyll a was analysed on a Trilogy Fluorometer 
with correction for phaeopigments and turbidity. Ethanol was used as an extractant and 
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subsamples were immersed with extractant in a 78˚C water bath for five minutes, then 
refrigerated for 12 hours to ensure complete extraction before analysis (following Biggs and 
Kilroy 2000). 
Identifications of algae in periphyton were made at 1000x magnification using a 
bright-field microscope (Olympus BX50). Relative abundance of each taxonomic unit was 
assessed by counting a minimum of ~300 algal cells from transects across preparations in 
homogenized Lugol’s iodine preserved material. Biovolumes were calculated using 
Hillebrand et al. (1999) or obtained from USGS datasets 
(http://diatom.ansp.org/nawqa/biovol2001.aspx). Quantitative counts of preserved cells from 
the water column were calculated using a Palmer-Maloney type counting chamber following 
Kilroy and Dale (2006). 
Biomass stratification included four categories; High biomass, Medium-Low, 
Positive-Absent, and Reference. High biomass was based on an a priori proliferation limit set 
for other algal species of >50 AFDM g.m
-2 
(Biggs and Price 1987), contingent on D. 
geminata periphyton dominance. Medium-Low biomass was assigned where D. geminata 
was present within the periphyton samples but did not reach the proliferation limit. Positive-
absent sites were positive for suspended D. geminata cells, but had no benthic cells. 
Reference sites had no living cells within the periphyton or within the water column. The 
primary response variable, D. geminata biomass (AFDM) g.m
-2
 was calculated as ((D. 
geminata % composition of biovolume + D. geminata stalk % composition of biovolume / 
100) * total periphyton AFDM gm
-2
). Stalk biovolume was calculated following Hillebrand 
(1999) formulas, with 100 µm lengths comprising original counts. Total D. geminata 
plankton counts were made using a nanoplankton counting chamber of known volume 
(PhycoTech ID#645). Waterway presence/absence was determined by benthic and suspended 
cell presence. 
 
1.3.4. Data analysis 
This survey represents analysis of variables both responses and predictors collected 
from a single point in time. A total of 150 physical and spatial variables were collected. Six 
response variables, 18 physical variables were derived from measurements collected at each 
site, 14 comprised water chemistry variables, 13 were GIS calculated, 54 were obtained from 
GIS geodatabases and 33 spatial variables were generated using through PCNM analysis 
(Principal coordinates of neighbor matrices: Borcard and Legendre 2002) (see Appendix 1.2 
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for a comprehensive list including methods). The 54 GIS variates gathered from New 
Zealand freshwater geodatabases using NZReach scores assigned from GIS coordinates 
obtained using a GPS (Garmin 60CSX). Geodatabases used included, the River 
Environments Classification (REC, Snelder et al. 2004), Freshwater Environments of New 
Zealand (FWENZ, Department of Conservation; under development) and Freshwater 
Ecosystems of New Zealand (FENZ, Leathwick et al. 2010). Geology was assessed from 
maps using Quarter million mapping program (QMAPS, GNS; Graham 2008; Fig. 1.1), while 
similar categories were also analysed from the River Environment Classification (REC, 
Snelder et al. 2004). ARC-GIS 10.2.2. was used for mapping and obtaining geodatabase data. 
Initial data exploration involved both non-parametric Spearman rank correlations and 
Kruskal-Wallis ANOVAs, where response variables were strongly non-normal due to zero 
inflation. All modeling was conducted on either biomass as a continuous variable, or on 
presence absence categories. Biomass categories were only used for summary analyses (eg. 
Fig. 1.2; Table 1.1). The large number of predictor variables increased the expected number 
of significant collinear predictors, thus biological significance and collinearity were assessed 
for each variable and collinear predictor variables (>±0.50) were noted, and where necessary 
excluded from analysis. Typically the strongest predictor was retained and collinear variables 
dropped (Zuur et al. 2009). Absence of benthic D. geminata at numerous locations resulted in 
zero inflation of the data set, where the full data set was examined on every occasion. A 
gamma distribution with the prior addition of a constant (+2) to D. geminata biomass was 
used in order to allow inclusion of relevant absence data. This approach improved model fit 
and avoided over dispersion (Zuur et al. 2009). Binominal response variables were used to 
analyse benthic presence and river presence-absence using logistic regression. Model 
validation involved assessment of fit and examination for outliers with residuals vs. fitted 
values and Cooks distance respectively (Zuur et al. 2009).  
Given the complexity of data, such as zero inflation, non linear relationships, 
nestedness and heteroscedasticity, quantile regression, loess smoothers and a mixed general 
additive model (GAMM) were also used to analyse and visualise data (Zuur et al. 2009). 
Spatial heterogeneity, autocorrelation, and structuring of physicochemical controls and biotic 
responses was explored through PCNM analysis (Vegan package R: Principal coordinates of 
neighbor matrices: Borcard and Legendre 2002). Based on longitude and latitude PCNM 
detects and quantifies spatial patterns across a range of scales. A total of 33 PCNM variables 
were derived in this fashion and represent a sequence of broad to fine scale variation across 
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the South Island allowing for detection of community similarity based on spatial proximity. 
One way ANOVA, post-hoc Tukeys tests were also used to further assess patterns between 
geographic regions. R (2.15.2, 2012), RStudio (0.97.318, 2009), Change-Point Analyzer (V 
2.3, Taylor, 2000) were used for statistical analysis.  
Partial least squares path analysis was further employed as a soft modeling approach 
to explore possible, direct and indirect, causal pathways between variables of significance. 
This approach was considered appropriate given the non normal nature of D. geminata 
biomass. Model simplification was based on significance, employing manual stepwise 
backwards selection procedures. For model justification, and statistics of formative indices 
please refer to Appendix 4. 
 
1.4. Results 
Didymosphenia geminata occurred at 82% of sites either within the periphyton, as 
living cells suspended in the water flow, or in rivers were known to have previously 
supported its presence. Periphytic growths were found at 52% of sites, with 25% comprising 
High biomass sites, and most were well above the biomass limit (50 g.m
-2
; Fig. 1.2a, mean 
AFDM of 120 g.m
-2
). At many sites biomass varied significantly across small spatial scales 
and 27% of sites were positive but had no benthic biomass. Suspended cell counts were 
greatest within High biomass sites (ANOVA, P<0.0001) and no significant difference was 
detected amongst other categories (Fig. 1.2b). Chlorophyll a biomass did not differ among 
biomass categories (P=0.19, Fig. 1.2c). High biomass sites were dominated by D. geminata 
which comprised 95.5% of community biovolume.  Of this total mean biovolume was 
comprised of 91.9% stalk material and 3.65% D. geminata cells. The upper Waitaki had both 
greatest D. geminata biomass (181.7 g.m
-2
) and biovolume (99.9%).  
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Figure 1.2. Boxplots outlining differences between selected biomass categories and a) Didymosphenia geminata 
g.m
-2
 (ash free dry mass) (ANOVA, P<0.0001) and b) D. geminata suspended cell counts per L of filtered river 
water (ANOVA, P<0.0001), c) Chlorophyll a by biomass category (NS), d) Ash free dry mass by biomass by 
category (ANOVA, P<0.0001). Tukey HSD tests were carried out to test for significance between levels (a-b).  
 
 
 
Figure 1.3: Boxplots with Anova results indicated, outlining relationships between Didymosphenia. geminata 
biomass (ash free dry mass) g.m
-22
 and a) the Lentic influence index (Arc-GIS estimated) (ANOVA, P<0.0005 
***), b) dominant upstream geology (geodatabase derived), c) upstream dominant land use (geodatabase 
derived, see Appendix 1.2). Tukey HSD tests were carried out to test for significance between levels (a-b).  
 
 
Physicochemical controls on D. geminata  
12 
 
1.4.1. Landscape scale controls 
Upstream lentic water body influence was positively associated with D. geminata 
biomass (Fig. 1.3a, ANOVA, P<0.001). Geology based on QMAPS was variable with no 
significant patterns observed (Kruskal-Wallis, P=0.62). The majority of sites fell within 
either sedimentary type deposits (58% - Post Gondwana sedimentary rock, volcanic 
sedimentary terranes, and young sediments),or metamorphic deposits (32% - Schist, 
Greywacke, and early metamorphic and sedimentary deposits), while few sites were 
associated within igneous rock types (10% - young volcanic, volcanic). A large number of 
sites (31%) fell within the youngest sediments category, comprised of alluvial deposits, while 
sites within Post Gondwana sediments were also common (25%). There were no significant 
effects on D. geminata biomass of upstream dominant land cover in catchments, although 
there is a weak trend of biomass decreasing with increasing bare ground (Table 2. Spearman 
Rank, P<0.05; Fig. 1.3c; Kruskal-Wallis chi-squared = 7.28, df = 3, p-value = 0.063).  
 
1.4.2. Reach scale controls 
Dominant physical reach scale controls of D. geminata biomass were disturbance 
estimates (Pfankuch 1975), mean water velocity and sheer stress measured as Froude's 
number (Fig. 1.4a, b) . Froude's number and mean water velocity were collinear dependent 
variables (P<0.001, R
2 
0.76). Both variables as mean reach values show declining biomass 
with increasing velocity and sheer stress.  
Didymosphenia geminata biomass increased with decreasing concentrations of total 
nitrogen (Quantile regression π 0.95, P<0.005), total phosphorus (Quantile regression π 0.95, 
P< 0.05), nitrate + nitrite (Quantile regression π 0.95, P< 0.05) and dissolved magnesium 
(Quantile regression π 0.95, P<0.05; Fig. 1.5.). Significantly lower concentration of dissolved 
silica (SiO2) were observed at High biomass sites when compared to other categories 
(ANOVA, P<0.01). Spatial autocorrelation was noted with Pfankuch and PCNM variables. 
ANOVA and Tukey HSD tests identified significant differences between Southland and 
Nelson/Marlborough and Southland and Canterbury, both Southland and West Coast had 
elevated Pfankuch scores in relation to recent and historic disturbance events (ANOVA 
P<0.05). Biomass categories also strongly differed by disturbance regime (Pfankuch, 
ANOVA, P<0.0001). Tukey's tests show both High biomass and Medium-Low biomass sites 
differed from Positive-absent sites in Pfankuch values. Few brown water, humic acid stained 
rivers of the West Coast were positive for D. geminata. Waitahu River was an exception 
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being a brown river that was mildly acidic (pH 6.3) and with High biomass (D. geminata 
~103g.m
-2
).  
 
Table 1.1: Summary physicochemical variable means and standard deviations within Biomass categories (for a 
full list see appendix 1.2).  
 
Didymosphenia geminata biomass categories 
 
 
High 
Std.dev ±() 
Medium-Low 
Std.dev ±() 
Positive-absent 
Std.dev ±() 
Reference 
Std.dev ±() 
ANOVA 
P 
Landscape scale 
variables: (n=14) (n=16) (n=15) (n=10) 
 Lentic influence 3 (0.31) 1.6 (0.22) 1.9 (0.25) 1.6 (0.34) <0.005
Elevation (m) 381.1 (70.6) 307.25  (48.9) 276.93 (67.5) 315.8 (79.2) 0.7054 
Order 5.14 (0.34) 5.3 (0.29) 5.2 (0.28) 4.5 (0.48) 0.4215 
 Reach scale variables: (n=14) (n=16) (n=15) (n=10) 
 River stability 
(Pfankuch) 51.3 (1.9) 65.6 (4.3) 85.6 (5.28) 69.9 (6.4) <0.001 
Average depth  (m) 0.26 (0.026) 0.26 (0.026) 0.28 (0.025) 0.25 (4.14) 0.87 
Average velocity  (m.s
-1
) 0.32 (0.04) 0.42 (0.05) 0.51(0.05) 0.47(0.06) 0.067 
Wetted width  (m) 24 (0.037) 24.9 (0.047) 32.99 (5.75) 32.99 (5.75) 0.31 
pH 7.97 (0.17) 8.14 (0.11) 8.23 (0.14) 8.1 (0.19) 0.67 
Conductivity  (µS.cm
-1
)  68.1 (8.07) 67.7 (8.07) 65.2 (4.14) 87.9 (17.42) 0.37 
Total Nitrogen  (g.m
-3
) 0.16 (0.022) 0.18 (0.023) 0.23 (0.031) 0.39 (0.11) <0.05 
Total Phosphorus (g.m
-3
) 0.005 (0.0007) 0.007 (0.001) 0.01 (0.003) 
0.012 
(0.004) 0.25 
Silica (SiO2) (g.m
-3
) 5.45 (0.59) 7.98 (0.51) 6.22 (0.37) 6.84 (0.61) <0.01 
Nitrate+Nitrite  (g.m
-3
) 0.008 (0.0087) 0.06 (0.81) 0.069 (0.072) 0.14 (0.32) <0.05 
Dis. Magnesium  (g.m
-3
) 1.21 (0.18) 1.5(0.4) 1.13 (0.15) 2.2 (0.73) 0.23 
Dis. Calcium (g.m
-3
) 7.8 (3-26) 6.5(2.1-16.3) 6.6 (2.1-11.4) 
8.15 (4.4-
15) 0.67 
      Patch scale variables: (n=140) (n=160) (n=150) (n=100)
 Average depth (m) 0.2 4(0.01) 0.26 (0.01) 0.23 (0.01) 0.24 (0.02) 0.32
Average velocity (m) 0.3 (0.02) 0.46 (0.02) 0.4 (0.03) 0.43 (0.03) <0.0001 
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Figure 1.4, a,b) Scatterplot and Quantile Regression fit (0.95 π) of Didymosphenia geminata biomass g.m-2 and 
a) River Disturbance Index (Pfankuch), b) Froude's number. High biomass      , Medium-Low biomass sites      , 
Positive absent sites     , and Reference ●, sites are denoted. 
 
Figure 1.5. a-b) Scatterplots and Quantile Regression fit of Didymosphenia. geminata biomass and a) Total 
nitrogen, b) Dissolved magnesium. 0.95 π quantile regression lines are shown. Sites are: High biomass      , 
Medium-Low biomass sites      , Positive absent sites     , and Reference ●. 
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Table 2.2: Results from non parametric spearman rank correlations between Didymosphenia geminata biomass 
and significant predictors. 
Predictor Variable N Spearman R p-level 
Upstream bare ground 55 -0.277 0.0398 
Mean water velocity (m.s
-1
) 55 -0.321 0.0167 
Pfankuch 55 -0.528 0.0000 
Froude's 55 -0.363 0.0063 
Total nitrogen (g.m
-3
) 55 -0.332 0.0132 
Nitrate and nitrite (g.m
-3
) 55 -0.309 0.0215 
Riparian Native Vegetation 55 0.397 0.0026 
Dis. Reactive Phosphorus (g.m
-3
) 55 -0.274 0.0428 
 
1.4.3. Patch scale controls 
At the patch scale, water velocities at High biomass sites were lower than at all other 
sites (ANOVA P=<0.0001).Water velocity showed a significant non-linear relationship with 
the visual biomass index whilst depth had no effect. Mean site visual biomass was positively 
correlated with pooled D. geminata biomass (g.m
-2
 AFDM) (Pearsons R
2
 =0.75, N=55, 
P<0.0001). A subsidy-stress response was observed within High biomass sites (GAMM, R
2
 
adjusted = 0.056, P=0.017, n=140; Fig. 1.6.a), and was weakened but still apparent with 
inclusion of Medium-Low biomass sites (GAMM, R
2
 adjusted = 0.0096, P=0.169, n=300; Fig 
1.6.b.).  
D. geminata occurred over a wide range of water velocities from very low velocities 
(~0.01m.s
-1
) at stream margins, to velocities >1 m.s
-1
 within the thalweg GAMM results 
showed that greatest biomass was achieved at ~0.41m.s
-1
.  
 
1.4.4. Minimum adequate models and change points 
While a range of variables influenced D. geminata biomass the minimum adequate 
model for biomass based on a gamma GLM, included Pfankuch (P= 0.006), and Nitrate + 
Nitrite concentrations (P=0.026; AIC: 440; Table 3). Lentic influence explains variation in 
biomass in one way ANOVA results, but was removed from GLM fits based on AIC values 
and backwards stepwise selection procedures. 
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Figure 1.6. Visual biomass index (Square root transformed) against point velocity readings from transect points 
from a) High (R
2
 adjusted = 0.056, P=0.017, n=140), and b) High and Medium-Low biomass sites (R
2
 adjusted 
= 0.056, P=0.167, n=300). Models are fit using a mixed generalized additive model (GAMM), dotted lines are 
95% confidence bands. 
 
Table 3: Minimum adequate models as derived by AIC based backwards stepwise selection procedures, for 
Didymosphenia geminata biomass, benthic presence, and river presence. Response variables, backwards 
stepwise selected model coefficients, AIC values, coefficient estimates, standard errors and statistics included.  
 
Response Coefficients AIC Estimate Std. 
Error 
t value P value Codes 
D. geminata 
biomass (+2) (Intercept) 440 -0.058 0.020 -2.866 0.006 ** 
(Gamma) Pfankuch 
 
0.001 0.000 3.140 0.003 ** 
 
Nitrate/Nitrite g.m
-3
 
 
0.817 0.355 2.297 0.026 * 
Benthic 
presence (Intercept) 54.1 10.6312 3.70544 2.869 0.00412 ** 
(Binomial) Pfankuch 
 
-0.09546 0.02751 -3.47 0.00052 *** 
 
Dis. Magnesium g.m
-3
 
 
-0.61162 0.39953 -1.531 0.12581 
 
 
Substrate index 
 
-1.39043 0.862 -1.613 0.10674 
 
 
Total Nitrogen g.m
-3
 
 
-9.6701 4.33761 -2.229 0.02579 * 
 
Reactive Silica g.m
-3 
 
0.52991 0.27849 1.903 0.05707 . 
River 
presence (Intercept) 69.3 0.104 0.446 0.234 0.815 
 (Binomial) as.factor (Lentic)2 
 
1.505 0.796 1.890 0.059 . 
 
as.factor (Lentic)3 
 
1.417 1.045 1.357 0.175 
 
 
as.factor (Lentic)4 
 
2.358 1.143 2.063 0.039 * 
 
Nitrate/Nitrite g.m
-3
 
 
-6.190 3.632 -1.704 0.088 . 
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Analysis of D. geminata river presence using logistic regression found lentic 
influence to be the strongest predictor of river presence, but only where >60% of flow was 
derived from a lentic water body (P<0.05). Nitrite/Nitrate concentrations were also included 
in model fit (P<0.1.; AIC 69.3). Benthic presence was best predicted by logistic regression 
Pfankuch (P<0.001), dissolved magnesium (P=0.12) substrate index (P=0.11), total nitrogen 
(P=0.026) and reactive silica (P=0.057, AIC: 54.1). Change point analysis identified a 
significant change in Nitrate + Nitrite concentrations with D. geminata biomass. Biomass 
only developed above 10g D. geminata AFDM m
2
 where Nitrate + Nitrite levels were at or 
near detection limits (0.004 g m
3
 ). ANOVA and Tukey HSD tests identified significant 
differences between Southland and Nelson/Marlborough and Southland and Canterbury, 
where both Southland and West Coast had elevated Pfankuch scores in relation to recent and 
historic disturbance events (ANOVA, P<0.05). Present absent sites were distributed across all 
regions and comprised 27% of sites. These sites had measurable suspended cell 
concentrations but no periphyton presence, demonstrates that a large proportion of rivers may 
receive a constant supply of propagules without colonisation occurring. 
Path analysis conducted on landscape and reach scale variates provides evidence that 
the degree of lentic influence has both a direct and indirect positive effect on D. geminata 
biomass. The indirect positive effect is due to lentic influence stabilising flows, noted by a 
negative effect on the disturbance index (Pfankuch 1975). Increasing nutrients concentrations 
were again noted here to have a strong negative direct effect, while water velocity variables 
also had direct negative effects although these were not significant (Fig. 1.7).  
In summary, river stability (Pfankuch 1975), the degree of influence of lentic 
waterbodies, and nutrient and solute concentrations were identified as the three dominant 
drivers of biomass, river and benthic presence of D. geminata. 
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Figure 1.7: Partial least squares path analysis model, examining the direct and indirect effects of possible causal 
pathways between landscape and reach scale predictors on quantitative Didymosphenia geminata biomass. Path 
coefficients and associated bootstrapped P values are indicated above and beneath paths respectively, R
2
 values 
shown within indices represent the proportion of variance explained by predictors (Appendix 1.4). 
 
1.5. Discussion 
Human activity acting as a dispersal vector causes biotic invasions, which are 
recognised as a major threat to biodiversity (Simberloff and Rejmanik 2011). Introduced 
species range from those that are non-invasive and have little impact on ecosystems 
(Vanormelingen et al. 2008), to invasive species that cause multiple extinction events, 
coupled with major changes in ecosystem functioning (Ogutu-Ohwayo 1993; Kitchell et al. 
1997; Simberloff and Rejmanik 2010). Didymosphenia geminata is considered an invasive 
species of importance within Southern temperate regions and is known to have significant 
effects on freshwater ecosystems (Kilroy et al. 2006; Larned et al. 2007; Whitton et al. 2009). 
Field surveys (Sutherland et al. 2007; Rost et al. 2011; Kilroy and Bothwell 2012) and 
experiments (Larned 2007; Bothwell and Kilroy 2011; Kilroy and Bothwell 2011) have 
investigated the roles of physical and chemical parameters in controlling the realised niche of 
D. geminata and its responses to nutrient and solute concentrations (sensu Hutchinson 1957). 
Niche theory suggests local community composition and the distribution and biomass 
of a specific organisms are determined by local and regional factors. Abiotic factors may first 
constrain communities with biotic drivers secondary to this. However, grazing has been 
studied experimentally and while a range of taxa ingest D. geminata it appears of minor 
significance in controlling biomass (Larned et al. 2007; Whitton et al. 2009). Drivers or 
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habitat preferences and resultant communities are also spatially and temporally variable (Poff 
1997; Biggs et al. 2005; c.f. Hubbel 1997). Moreover, niche controls often act in a hierarchy 
as observed in the present study. Higher, large-scale levels act as filters influencing other 
variables and constraining the expression of local physicochemical controls at lower levels, 
and thus the biotic potential at smaller scales (Poff 1997).  
Landscape/catchment scale controls were examined here, identifying the degree of 
lentic influence as a strong predictor of D. geminata biomass and river presence. As an 
aggregate variable it comprises controls acting at finer spatial scales, particularly influencing 
disturbance regime in these results, and has been identified in previous studies to favour 
biomass accrual of D. geminata (Kawecka and Sanecki 2003; Kilroy et al. 2007; Kirkwood et 
al. 2007; 2009). Lentic waterbodies influence downstream disturbance regime by buffering 
flows and discharge peaks, reducing the frequency of small and medium sized flood 
disturbance events. Aside from effects on disturbance regime, lentic water bodies also 
increase groundwater upwelling, reduce downstream transport of sediment resulting in 
substrate armoring, while also changing water chemistry and temperature (Ward and Stanford 
1983; Tarapchak and Moll 1990; Kirkwood et al. 2009). Substrate armouring occurs where 
water velocity slows within lentic environments, causing settlement of sediment, sand and 
gravels, reducing their movement downstream. This results in downstream lotic habitats with 
an altered substrate, reduced movement of fines and gravel and a more stable disturbance 
regime, reducing the potential for mat abrasion (Biggs et al. 1999). 
In the present study, land use and geology have not been validated as strong 
landscape-scale predictors of presence or biomass, despite their known importance, including 
their impacts on water chemistry (e.g. Rost et al. 2011; Weilhoffer et al. 2006 in Whitton et 
al. 2009). It is possible this is due to the study design lacking an a priori design relating to 
geology, resulting in low diversity across geology types. Or that the influence of geology may 
be secondary to the strong physical drivers observed here. Didymosphenia geminata has also 
been suggested to have an affinity for the brown water systems that drain peatlands (Ellwood 
and Whitton 2007; Whitton et al. 2009), which was only weakly supported here where most 
sites with high biomass were favoured beneath lakes and impoundments but rarely beneath 
wetlands or peatlands. 
River disturbance events are a fundamental driver of stream communities. Floods are 
spatially and temporally variable, with the degree of impact on in-stream biota dependant on 
river characteristics, organism traits, and flood magnitude (Townsend et al. 1997). They are a 
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fundamental control on periphyton community structure and biomass (Biggs and Stokseth 
1996; Biggs et al. 1999; 2005). An in-stream ecological disturbance may be defined as “any 
relatively discrete event in time that is characterized by a frequency, intensity, and severity 
outside a predictable range, and that disrupts ecosystem, community, or population structure 
and changes resources or the physical environment” (Resh et al. 1988). Disturbance events 
are a dominant driver of D. geminata biomass observed here and by others (Kilroy et al. 
2006, Weilhoffer et al. 2006 in Whitton et al. 2009). In this study systems within the West 
Coast and Southland regions had greater disturbance regimes than all others as measured by 
the Pfankuch index (Pfankuch 1975) and many had low D. geminata biomass. These systems 
receive high rainfall and have a large number of bed movement events each year due to their 
steep gradients in short catchments (Winterbourn, 2005). Many sites in these rivers, while 
often positive for live suspended cells, had no benthic biomass at the time of sampling. These 
absences have biological importance and represent either habitat not yet invaded or 
unsuitable habitat. These sites indicate that one or more variables identified here, for example 
disturbance or nitrate and nitrite concentrations may control colonisation and biomass 
development at sites. 
Velocity drag-disturbance and solute mass-transfer limitation lie at opposite ends of a 
continuum of flow variability, controlling biomass accrual and loss (Biggs et al. 2005; Larned 
2011). With increasing velocities, shear stress and drag on cells increase. This  results in 
reduced rates of colonization and increased sloughing (Biggs 1996, Biggs et al. 2005). In 
contrast, a subsidy can occur with increasing velocity enabling faster accrual. This is due to 
several mechanisms: 1) the flux of nutrients to the mat is increased with increasing turbulence 
and, 2) the boundary layer and viscous sub-layers around cells and filaments decrease, 
allowing greater uptake over the mat surface and within the mat, while also allowing faster 
removal of waste products (Biggs and Stokseth 1996; Larned et al. 2011). Didymosphenia 
geminata is known to be strongly influenced by water velocity and flow regime at the reach 
scale (Kilroy et al. 2006; Kirkwood et al. 2007; Larned et al. 2007; Miller et al. 2009; Larned 
et al. 2011). Our results support that at the reach scale, mean velocity and sheer stress was 
associated with decreased biomass. In contrast a number of sites exhibited high D. geminata 
biomass, but also had high mean water velocity readings. For example the Buller River, 
sampled below Lake Rotoiti outlet, had high biomass (D. geminata ~120 g.m
-2
 AFDM) but 
also high average water velocity (0.46 m.s
-1
) and velocity maximum (1.01 m.s
-1
). Significant 
biomass accrual only occurred in this river in lower velocities, with the thalweg largely free 
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of colonies found on only on the trailing edge of boulders. Thus mean values, while 
significant allow only crude analysis of how higher velocities and shear stresses limit 
biomass. Hydraulic subsidy stress relationships have been shown for other periphyton 
communities (Biggs and Stokseth 1996) and are apparent here at the microhabitat scale, 
polarising the importance of scale. 
Didymosphenia geminata is considered an ecological paradox (Kilroy and Bothwell 
2011; Cullis 2012). It increases biomass in response to phosphorus limitation; which is the 
opposite usual periphyton responses (Kilroy and Bothwell 2011; Cullis et al. 2012). Details 
of this paradox lie not in explanations of typical periphyton biomass accrual as it relates to 
cell division rates (e.g. the frequency of dividing cells, Bothwell and Kilroy 2011), but in the 
production of stalk material stimulated due to phosphorus limitation (Kilroy and Bothwell 
2011). This survey strengthens the findings of Kilroy and Bothwell (2011) that nutrient 
limitation drives biomass increases through stalk production. We reason this, where 
biovolume at High biomass sites was >90% stalk material, and thus D. geminata biomass as 
it is calculated here, is strongly representative of stalk biovolume. Further to this, regressions 
and modeling here highlight the strong positive relationship of D. geminata biomass to 
decreasing nutrient concentrations. High biomass sites were largely restricted to oligotrophic 
to ultra-oligotrophic conditions with most sites having total nitrogen, dissolved reactive 
phosphorus and total phosphorus at concentrations below detection limits (see Appendix 1.1 
for limits). In contrast, experimental studies using elevated nutrient concentrations supplied 
in flow-through channel mesocosms have detected increased cell division rates where 
phosphorus and nitrogen concentrations were 50 g.m
-3
 and 500 mg.m
-3
 respectively 
(Bothwell and Kilroy 2011). However, these concentrations are beyond upper limits of the 
realised niche for total phosphorus and nitrogen as identified here where concentrations of 
Nitrate + Nitrite above 4 µgL
-1
 limit accrual, while other authors have noted Didymosphenia 
geminata absence above  20 µgL
-1
 of total phosphorus (Lindstrøm and Skulberg 2008). 
Similarly, Løvstad (2008) only identified the diatom from rivers with <25 µgL
-1
. These 
observations suggest an unidentified mechanisms limiting D. geminata dominance and 
presence with increasing nutrient concentrations. We further note that these relationships with 
solutes, for example the one with magnesium, or calcium (eg. Rost et al. 2011) may be 
correlative. This may be where the mechanism may related to correlated solutes where 
causative relationships have been identified such as phosphorus. Nutrient amendment 
experiments in natural river reaches have also suggested nutrient limitation in D. geminata. 
Physicochemical controls on D. geminata  
22 
 
Larned et al. (2007) found that accrual in impacted reaches was ≤60% of accrual rates with 
supplemented nitrogen and phosphorus, although these estimates were based on AFDM 
values inclusive of both D. geminata and native taxa.  
Biomass that develops in response to high light and nutrient limitation has been 
termed photosynthetic overflow, a means of releasing surplus photosynthate which cannot be 
stored (Underwood et al. 2004, Kilroy and Bothwell 2011). The production of biomass may 
be advantageous if extracellular polymeric substances, in this case stalk material, stabilize 
sediment and decrease detachment risk (Yallop et al. 2000; de Bower et al. 2005; Larned et 
al. 2011). Stalk production may also confer a competitive advantage through providing better 
access to light and nutrients, compared to species closer to the substrate (Manoylov 2009). 
Light has been shown to be a strong determining factor in presence within rivers (James et al. 
2014), and a strong determinant of stalk production (Kilroy and Bothwell 2011). Stalks may 
also provide a suitable microhabitat for nutrient cycling and bacterial exchange (Goto et al. 
2001; Larned et al. 2011; Sundareshwar et al. 2011) and hydrolysis of organic phosphorus 
through alkaline phosphatase activity (Ellwood and Whitton 2007; Aboal et al. 2012). In 
nutrient limited conditions, a range of bacteria and microalgae have been shown to have 
adaptive extracellular structures and to produce phosphatases (Schmidt and Stanier 1966; 
Rengefors et al. 2001; Hernandez et al. 2002; Ireland et al. 2002). Detrital matter was seen 
throughout thick D. geminata mats in this and other studies (Kirkwood et al. 2007). Whilst it 
is known that stalk production is caused by phosphorus limitation and the mechanism 
understood (Kilroy and Bothwell 2011), and phosphatase activity may be generally linked 
with phosphorus limitation (Steinman and Mulholland 2006), a definitive adaptive link is yet 
to be established (Ellwood and Whitton 2007; Kilroy and Bothwell 2011; Aboal et al. 2012). 
These results support the assertion that high levels of agricultural intensification 
within many South Island catchments, have ensured many rivers with elevated nitrogen and 
phosphorus have remained free from D. geminata (e.g. Taieri catchment). Most systems in 
this study were phosphorus limited, based on redfield ratios, with only 13% exceeding a 16:1, 
N:P ratio. Si was also not limiting in any catchment (C:Si:N:P = 106:15:16:1 (Brzezinski, 
1985)). High levels of nitrogen and phosphorus may explain the absence of D. geminata 
within springs, e.g. Otiake a notable Waitaki spring sampled here had total nitrogen 
exceeding 1000 µg.L
-1
. This appears well above limits to D. geminata establishment and 
biomass formation and caused senescence within the confluence zone of the Waitaki channel 
it fed, reinforcing the findings of Sutherland et al. (2007) and Kilroy and Bothwell (2011). 
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This phenomenon has been previously investigated where spring creeks potentially offered a 
solution to D. geminata invasion. With their low disturbance regime, stable flows and cobble 
substrates, they give the appearance of suitable D. geminata habitat, with few observable 
differences between adjacent and main stem reaches (Sutherland et al. 2007). However, D. 
geminata fails to colonize or comprises a very minor component of the periphyton despite 
constant introduction and transplanted colonies also die. Studies directed to answering this 
question found this may have been due to a range of variables, inclusive of the water 
chemistry parameters, nitrite, ammonia and alkalinity, or may be the result of competition 
with other algae (Sutherland et al. 2007; Kilroy and Bothwell 2010). Pulses in nutrients due 
to point source discharges, diel changes, precipitation and flow variability have also not been 
tested. However such pulses may be important in structuring communities, D. geminata 
growth, biomass, physiological responses and potential competitive interactions (Sherbot and 
Bothwell 1993). For example pulse loading may play a role in downstream dispersal, where 
short term experimental nutrient addition or water chemistry changes may cause D. geminata 
cells to be released from stalk termini (pers. obs.).  
It is also pertinent to note that D. geminata also influences in-stream habitats, and 
significant diel changes to pH (7.59-9.62) and dissolved oxygen (85-106% saturation) have 
been observed (Larned et al. 2007). Didymosphenia geminata also likely strongly influences 
phosphorus and nitrogen availability in its various forms where mats are known to both 
rapidly adsorb phosphorus (Sundareshwar et al. 2011), and may rapidly hydrolyse organic 
phosphorus compounds (Ellwood and Whitton 2007). It is also possible that D. geminata 
contributes to lower Silica levels in High biomass sites observed here. Coupled with these 
changes D. geminata also influences hydrodynamics at the microhabitat scale (Larned et al. 
2007; Larned et al. 2011). 
The ongoing land intensification that the South Island of New Zealand, with 
subsequent effects on waterway nutrient status may limit spread, reducing the likelihood of  
blooms within agriculturally impacted affected rivers. As an extension of this D. geminata 
may disappear from infected waterways as increasing eutrophication occurs across the South 
Island (Kawecka and Sanecki 2003). Disappearance within a waterway has been noted in a 
number water ways. Kawecka and Sanecki (2003) reported disappearances from rivers where 
the diatom was previously identified, while disappearance from the Bialka Tatrańska in 
Poland was suggested to be due to eutrophication (Kawecka 1965). 
Physicochemical controls on D. geminata  
24 
 
With regards D. geminata as an invasive within New Zealand, we note that the 
absence of evidence does not provide the evidence of absence. However, we suggest an 
invasive ecotype appears the most parsimonious explanation for spread within New Zealand 
(Kilroy and Unwin 2011). We suggest D. geminata may also be a cryptic invasive within 
northern hemisphere habitats, which is not uncommon among invasives (eg. Lee 1999; 2002; 
Tsutsui and Case 2001; Saltonstall 2002; Meusnier et al. 2004; Gelembiuk et al. 2006; May et 
al. 2006; Caldera et al. 2008; Winkler et al. 2008). Furthermore, a growing body of evidence 
suggest diatoms can exhibit significant levels of cryptic diversity (Amato et al. 2007; 
Poulíčková et al. 2009; Lundholm et al. 2012). Specific evidence that supports the invasive 
ecotype hypothesis include phylogenetic differences between populations (Kelly 2009), 
coupled with morphological differences between historic non-bloom forming genotypes and 
the current diatom (Pite et al. 2009). There is also a number of studies documenting the 
appearance of D. geminata as a significant bloom forming algae. A historic observation cites 
significant blooms in Norway ~150 years ago (Schmidt-Nielsen and Printz 1915 in Lindstrøm 
and Skulberg 2008), which may account for the origins of a bloom forming ecotype if this 
hypothesis proves correct. Moreover a number of more recent studies identify the recent 
appearance and spread of D. geminata (Bhatt et al. 2008; Jónsson et al 2008; Beltrami et al. 
2008a,b; Woriskey 2008; Kilroy and Unwin 2011; Bothwell et al. 2014; Reid and Torres 
2014). If D. geminata is an invader, we note it possesses numerous traits and adaptations 
promoting invasiveness. These include adaptations that would enable survival during long 
distance travel, with viable cells surviving months in the right conditions (Kilroy et al 2006; 
Lagerstedt 2007). As a microscopic invader, D. geminata is easily missed, and may possess 
novel adaptations increasing fitness within oligotrophic habitats relative to other algae 
(Ellwood and Whitton 2007; Aboal et al. 2009). Once within a waterway asexual 
reproduction ensures rapid colonisation assuming physical and chemical conditions are met, 
with D. geminata often accruing significant cell densities (Flöder and Kilroy 2009). It is also 
able to travel long distances in suspension, and is thus capable of rapidly colonising 
downstream within a waterway (Kilroy and Dale 2006). It is also likely that it travels 
upstream associated with the movement of icthy- and avifauna among other vectors (Kilroy 
and Unwin 2011). In contrast the 'environmental change' argument, suggests changes are 
occuring to cause bloom formation. This hypothesis is plausible for a number of reasons and 
may particularly apply to the creation of impoundments (Lavery et al. 2014; Bothwell et al. 
2014; Taylor and Bothwell 2014). Indeed some of the references cited here, could be 
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interpreted to support an environmental change argument. However, we agree with Taylor 
and Bothwell (2014), that the origin of these proliferations matters and stress a precautionary 
approach must apply.  
In further establishing niche controls on D. geminata we have shown that a number of 
measured variables act strongly to determine benthic and river presence, and biomass; further 
establishing these controls interact spatially (and thus likely temporally). These variables also 
act within a hierarchy, with processes acting at broader scales influencing those at finer 
scales. Subtle differences were also observed with differing variates influencing benthic 
establishment, biomass accrual and loss (e.g. Biggs and Stokseth 1996). The basic habitat 
template model for control of periphyton biomass identifies hydrologic disturbance acting as 
the primary control, whilst nutrients operate within this by controlling the rate of accrual 
during stable periods (Biggs 1995; 2000; Biggs et al. 2005). For D. geminata this template 
must be modified to include that biomass accrual increases are in response to nutrient 
limitation (e.g. Kilroy and Bothwell 2011; Cullis et al. 2012). This study supports the finding 
that D. geminata exhibits a strong ecophysiological response of stalk production due to 
nutrient limitation, resulting in bloom formation. However, our findings further elucidate the 
dominant role of physical processes which act at catchment to patch scales. 
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2.1. Abstract 
Didymosphenia geminata (Didymo) is an invasive freshwater diatom, whose effects 
on ecosystems and rapid spread in temperate regions is of international concern. D. 
geminata has been shown to alter habitats and primary productivity, with subsequent effects 
throughout aquatic ecosystems. Assessing the impacts of an invasive, requires understanding 
of assemblage and diversity changes across broad spatial scales, whilst disentangling the 
effects of competing niche and neutral processes. We surveyed 55 sites across a gradient 
of D. geminata biomass within the South Island of New Zealand to determine the effects 
of D. geminata on algal and invertebrate ß diversity and assemblages. Increasing D. 
geminata biomass significantly reduced ß diversity (as community turnover) in algal (adonis 
P<0.001) and in invertebrate assemblages (adonis P<0.05). With increasing D. 
geminata biomass greater community homogeneity was observed in both algal (betadisper 
P<0.005) and invertebrate (betadisper P<0.05) assemblages. While D. geminata biomass 
strongly influenced algal composition, abiotic niche controls and space became increasingly 
important in structuring benthic invertebrate assemblages. This increased ecological 
determinism with a weakened effect of D. geminata on invertebrates, outlines the 
fundamental differences that exist between organisms and the effective scale of niche and 
neutral processes based on organism size. The scale of differences, and mechanisms causing 
these changes, identify D. geminata as an ecosystem engineer.  
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niche, neutral theory. 
 
2.2. Introduction 
Invasive organisms are a primary driver of change within ecosystems (Vitousek et al. 
1997; Sala et al. 2000). Invasive species can bring about dramatic changes to biological 
communities and ecosystem functioning by altering habitats, and changing trophic 
interactions (Chapin et al. 2000). These changes may occur via a variety of mechanisms, and 
effects of habitat degradation and climate change may be hard to disentangle from the effects 
of invasive organisms given often interacting, varied, and difficult to measure stressors and 
responses (Chapin et al. 2000; Didham et al. 2007). 
Didymosphenia geminata (Lyngbye) M. Schmidt. (Bacillariophyceae), is an invasive 
organism of increasing notoriety and focus for many reasons. It is rapidly spreading into new 
freshwaters within temperate regions, and it is notorious for forming extensive “blooms” or 
proliferations of biomass, which appear to have increased in severity and frequency. These 
proliferations far exceed proliferations of most algae; and influence physical habitats and 
associated freshwater communities (Whitton et al. 2009; Taylor 2012).  
D. geminata is considered an oligotroph forming high biomass in microtrophic to 
oligotrophic waters, although some authors suggest it may now tolerate broader nutrient 
regimes, where proliferations have been observed within mesotrophic habitats, and cells have 
been identified in eutrophic reaches (Kaweka and Sanecki 2003; Noga 2003). Didymosphenia 
geminata blooms depend on hydrologic stability and are often found beneath lake and 
impoundment outfalls, but are stimulated by high light and phosphorus limitation (Kilroy and 
Bothwell 2011). Where blooms of D. geminata are stimulated by nutrient deprivation, they 
provide a paradox idiosyncratic to D. geminata which challenges our understanding of 
nutrient requirements and ecological functioning in periphyton (Kirkwood et al. 2007; Cullis 
et al. 2012).  
The impacts of invasive species on diversity and communities are known to vary 
dependent on recipient communities and on the traits of the invasive, but for any particular 
invasion may be unpredictable (Williamson and Fitter 1996; Kolar and Lodge 2001). The 
deliberate introduction of the Nile Perch (Lates niloticus) into Lake Victoria has caused 
major ecosystem upheaval, with an estimated ~200 endemic species disappearing from the 
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lake, representing probably the largest documented extinction event of contemporary 
vetrebrates (Kaufman 1992; Seehausen et al. 1997). In contrast many organisms fail to 
become invasive on introduction (Mack et al. 2000), and others still, may invade, and spread, 
but go largely undetected or unstudied. Asterionella formosa is a widespread lake diatom 
morphospecies, which is a recent invasive in New Zealand. In contrast to D. geminata, A. 
formosa appears to have little impact and has been little studied. It has only recently been 
acknowledged as an invasive, where it was identified as being absent from lake sediment 
cores pre 1880, and thus is thought to have been introduced with salmonid ova circa 1875 
(Harper 1994; Vanormelingen et al. 2008).  
Where D. geminata establishes, ecosystem effects often include significant increases 
in biomass (ash free dry mass) due to prolific stalk production, and changes to algal 
community structure (Kilroy et al. 2006). Invertebrate community composition is altered with 
increasing D. geminata biomass, where increasing taxon richness, homogenisation, 
dominance of certain taxa, and often density increases occur (Shelby 2006; Kilroy et al. 2006; 
Larned et al. 2007; Larson 2007; Kilroy et al. 2009). Decreases have been observed in the 
pollution sensitive taxa, Ephemeroptera, Plecoptera, and Trichoptera (EPT), while increases 
occur in pollution tolerant taxa such as Oligochaetes, Chironomidae, Cladocera, Crustaceans, 
and Nematoda (Shelby 2006; Larned et al. 2007; Gillis and Chalifour 2009; Kilroy et al. 
2009). Negative effects have been observed on ichthyofauna, on both Galaxiid (Larned et al. 
2007; Bonnett et al. 2008; Jellyman and Harding 2013) and Salmonid fish (Bothwell et al 
2008; Bickel and Closs 2008; Shearer et al. 2007; Taylor 2012; Jellyman and Harding 2013), 
and food web structure (Rost et al. 2008). Alteration to habitat characteristics, and organism 
traits such as fish feeding mode appear to drive these changes (Taylor 2012; Jellyman and 
Harding 2013). Studies on invertebrates have investigated changes spatially (Shelby 2006; 
Gillis and Chalifour 2009) or temporally within rivers (Kilroy et al. 2009), or used paired 
rivers (Kilroy et al. 2009).  
There is an emerging consensus within ecological theory that composition and 
diversity are determined by species traits and ecological filters as proposed by niche theory, 
and by speciation, dispersal, and stochastic demographic processes as proposed by neutral 
theory (Thompson and Townsend 2006; Farjalla et al. 2012). Both niche and neutral 
processes influence algal (Vanormelingen et al. 1998; Soininen et al. 2004; Potapova and 
Charles 2002), invertebrate (Thompson and Townsend 2006; Sweetman et al. 2010; Farjalla 
et al. 2012) assemblages and D. geminata (Kilroy et al. 2006; Kilroy and Unwin 2012). Thus 
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when comparing differences in composition and diversity and drivers of change between 
trophic levels, it may be pertinent to consider differences in organism size, where organism 
size is an integrative attribute leading to commonalities among traits (Allen et al. 2006; 
Farjalla et al. 2012). That is to say, we may expect the relative roles of these processes to be 
different based on fundamental traits related to organism size and trophic position, assuming 
relevant ecological filters/controls are represented within our dataset (Sweetman et al. 2010; 
Farjalla et al. 2012). Two contrasting expectations or hypotheses may be examined in this 
way. Smaller organisms exhibit greater dispersal due to resting stages and smaller size 
facilitates passive dispersal, and so niche structuring should predominate and may be stronger 
with decreasing organism size. This is an extension of the 'everything is everywhere but the 
environment selects' hypothesis (Baas Becking 1934 in Fontaneto et al. 2011). In contrast 
larger organisms may be more likely to be structured by niche filters where they exhibit 
greater complexity and less plasticity in traits (Farjalla et al. 2012).  
In this study the impacts of D. geminata on algal and invertebrate communities is 
examined by comparing α and β diversity, community metrics, community homogenisation, 
whilst assessing the influence of spatial, physical and in this case biotic gradients (Anderson 
et al. 2006; Didham et al. 2007; Sweetman et al. 2010; Anderson et al. 2011). To our 
knowledge this study is the first to examine D. geminata impacts across such a broad spatial 
scale, examining changes to algal and invertebrate composition, diversity, while accounting 
for associated environmental drivers. The three key questions were: 1) Are algal and 
invertebrate species β diversity (turnover) and community homogenisation occurring across a 
gradient of D. geminata biomass? 2) Is D. geminata a dominant driver of changes in algal and 
invertebrate assemblages? 3) Given inherent differences related to organism size, are drivers 
and effects between communities similar? 
 
2.3. Methods 
2.3.1. Study sites 
A one off ecological survey was conducted at 55 sites within South Island, New 
Zealand waterways during the summer of 2009-10. Site selection was stratified by D. 
geminata biomass and geographic region, and included reference sites.  Sites were stratified 
by biomass including four categories; High biomass, Medium-Low, Positive-Absent, and 
Reference sites with no D. geminata  present. High biomass sites were based on an a priori  
biomass of  >50 AFDM g.m
-2
 with D. geminata dominating the periphyton
 
(Biggs and Price 
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1987). Medium-low biomass sites included those that had D. geminata present within the 
periphyton, but did not reach >50 AFDM g.m
-2
. Positive-absent sites were positive for 
suspended D. geminata cells but had no benthic cells. Reference sites had no living D. 
geminata cells within the periphyton or within the water column. 
 
 
 
Figure 1: Study sites within the South Island of New Zealand. The North Island is still free of Didymosphenia. 
geminata so was excluded from the survey. High biomass sites       were dominated by D. geminata and 
exceeded >50 AFDM g.m
-2
. Medium-Low sites     ,  had D. geminata within the periphyton but did not meet this 
proliferation limit. Positive-absent sites     , were positive for suspended D. geminata cells, with no benthic cells. 
Reference sites ● had no living cells within the periphyton or within the water column 
 
2.3.2. Data collection 
At each site a 50 m reach was selected that included at least one riffle-run-pool 
complex. Physical measurements were made at each site, including an assessment of channel 
stability (Disturbance Index: Pfankuch 1975). A transect perpendicular to flow was 
established and depth and water velocity were measured across this, using a Marsh McBirney 
Flowmate (Model 2000). Wetted channel width was measured (or estimated where it could 
not be physically measured). Bankfull width was measured or estimated using ARC-GIS. 
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Shear stress at the benthos was calculated as Froudes number; Fr = V/(D.g)
0.5
, where V = 
mean water column velocity (m/s); D = mean depth(m); g=gravity acceleration (9.81 ms
-2
). 
Riparian shading was visually estimated at the centre of the reach using a densitometer. A 
streambed substrate index (SI) was calculated to determine the relative area occupied by six 
substrate categories (Jowett & Richardson 1990). A substrate dominance index was also 
calculated from this and embeddedness was calculated using the Brunsven substrate index 
(Harding et al. 2009). 
A total of 10 water chemistry variables were analysed using standards following 
APHA methods from filtered and unfiltered water samples collected in acid washed bottles, 
stored chilled and then frozen for later laboratory analysis (Appendix 1.2 for a list with 
methods of analysis). These included, total alkalinity, dissolved calcium, dissolved 
magnesium, total nitrogen, nitrate + nitrite, total Kjeldahl nitrogen (TKN), dissolved reactive 
phosphorus, total dissolved phosphorus (TDP), total phosphorus, organic phosphorus and 
reactive silica (SiO2). 
GIS obtained variables were gathered from New Zealand based freshwater 
geodatabases using NZReach scores assigned from coordinates obtained using a GPS 
(Garmin 60CSX). Geodatabases included the River Environments Classification (REC, 
Snelder et al. 2004), Freshwater Environments of New Zealand (FWENZ, Department of 
Conservation; under development) and Freshwater Ecosystems of New Zealand (FENZ, 
Leathwick et al. 2010). Of the GIS calculated variates an estimate of the discharge 
contributed from upstream lentic water bodies to the discharge at the sampling site was 
estimated using ARC-GIS 10.2. The percentage contribution was given a rating between 1 – 
5,  as follows: 1) On-channel still waterbodies influencing flow at the site <5; 2) On-channel 
still waterbodies contributing 5% to <20% of flow. 3) On-channel contributing 20 to 60% of 
flow. 4) On-channel lentic waterbodies contributing 60 to 100% of flow. Geology was 
assessed from maps using Quarter million mapping program (QMAPS, GNS; Graham 2008; 
Figure 1), while similar categories were also analysed from the River Environment 
Classification (REC, Snelder et al. 2004). Arc-GIS 10.2. was used for mapping and obtaining 
geodatabase data. 
A total of 33 PCNM variables were derived and represent a sequence of broad to fine 
scale variation across the South Island, representing fine to broad scale spatial variation. This 
enabled detection of community similarity and spatial autocorrelation among predictors based 
on spatial proximity (Principal coordinates of neighbor matrices: Borcard and Legendre 
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2002), derived from longitude and latitude. Kruskal Wallis ANOVA was also used to 
examine patterns between geographic regions. 
Ten quantitative benthic periphyton samples were collected from a transect 
perpendicular to the river bank, for taxonomic and biomass analysis following methods 
within Biggs and Kilroy (2000). Samples were pooled and the composite sample was 
homogenised for 30 seconds using a hand blender, with an aliquot taken for analysis of 
taxonomic composition, relative abundance and biovolume preserved with Lugol's iodine. 
The remainder frozen for biomass analysis (chlorophyll a and AFDM ; Biggs and Kilroy 
2000). Ash free dry mass (AFDM) was calculated following methods in Biggs and Kilroy 
(2000). Chlorophyll a was analysed on a Trilogy Fluorometer with correction for 
phaeopigments and turbidity. Ethanol was used as an extractant and subsamples were 
immersed with extractant in a 78˚C water bath for five minutes, then refrigerated for 12 hours 
to ensure complete extraction before analysis (following Biggs and Kilroy 2000). Relative 
abundance counts of taxonomic samples and plankton counts were conducted using an 
Olympus BX50, with a minimum of 300 algal cells identified. Algal identifications were 
carried out using a variety of texts (Krammer and Lange-Bertalot 1991a; 1991b; 1997; Biggs 
and Kilroy 2000;  John et al. 2002) and biovolumes were calculated using Hillebrand et al. 
(1999) or obtained from USGS datasets (http://diatom.ansp.org/nawqa/biovol2001.aspx). 
Invertebrate collections involved three replicate Surber samples (0.06 m
2
; 250 µm 
mesh) taken from riffle habitats. These were fixed in ethanol (70%) and processed in the 
laboratory. Taxa were identified and enumerated to the lowest possible taxonomic resolution 
using (Winterbourn et al. 2000). Where sub-sampling was required for large samples, rare 
taxa were also scanned for and were included in density data.  
A total of 144 physical and spatial variables were collected. Eighteeen physical 
variables were derived from measurements collected at each site, 14 comprised water 
chemistry variables, 13 were GIS calculated, 54 were obtained from GIS geodatabases and 33 
spatial variables were generated using through PCNM analysis (Principal coordinates of 
neighbor matrices: Borcard and Legendre 2002) (Appendix 2.1).  
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2.3.3. Data analysis 
ANOVA, regression, ordination techniques, partial least squares path analysis and 
variance partitioning were employed to establish the relative role of D. geminata driving 
community changes among other drivers.  
Analysis of β diversity involved non-metric multidimensional scaling (NMDS) 
analysis of algal and invertebrate relative abundance data with Vegan:adonis and 
Vegan:betadsper. Vegan:adonis is an analysis of variance for distance matrices and is 
analogous to MANOVA allowing categories to be assessed for differences using distance 
matrices. Vegan:betadisper or multivariate homogeneity of group dispersions effectively 
creates and tests confidence intervals for each group and was based on group centroids. Post-
hoc Tukey’s honest significant difference tests were used to explore these differences. By 
default data was square root, as per the default no data transformation was carried out and 
Bray-Curtis dissimilarity was used on relative abundance data (Anderson et al. 2011). 
Relative algal biovolumes were used  to assess biotic, physical, chemical and spatial 
drivers within the algal community, where model fits significantly increased with biovolume 
data. Didymosphenia geminata was also excluded from community data from theses analyses 
and included as a predictor. Both NMDS and distance based redundancy analysis (dbRDA) 
were used to explore relationships between D. geminata as a biotic driver and physical and 
spatial variables. To avoid artificially increasing the explanatory power of analyses through 
the inclusion of redundant explanatory variables we excluded variables in a backwards 
stepwise manner (α<0.05). Significance testing was based on 999 Monte Carlo permutation 
tests. Prior to analysis, collinearity was also assessed among variables, with exclusion based 
on >0.6 Pearson’s coefficient. All environmental and biotic explanatory data was centered 
and standardized before analysis, and Bray-Curtis dissimilarity was used on all biotic 
matrices for each analysis.  
Where effects of D. geminata were less certain on invertebrates, partial least squares 
path modeling (PLS-PM) was employed to further investigate direct and indirect effects 
between selected invertebrate metrics and physicochemical and biotic (D. geminata) drivers. 
We used PLS-PM to investigate potential causal pathways of change in sensitive invertebrate 
taxa, Ephemeroptera, Trichoptera and Plecoptera (%EPT) known to vary according to D. 
geminata biomass. We carried out several PLS-PM using a number of invertebrate metrics, 
choosing to show %EPT here as this varied the most across the gradient of D. geminata 
biomass. PLS-PM models were selected by backwards selection where variables contributing 
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to indices with factor loadings below ~0.5, and paths with significance P<0.1 excluded. 
Significance was tested using 100 bootstraps. PLS-PM was employed using PLS-Graph. 
PLS-PM was preferentially selected, where select variates violated normality, thus covariance 
based approaches were deemed less appropriate, whilst PLS-PM also deals effectively with 
collinear data  (Chin 2001; PLSG Version 3).  
Variance partitioning allowed assessment of the relative contributions of biotic, 
environmental and spatial controls on community composition. Bray-Curtis transformed 
relative abundance data was again used in these analyses (Vegan:varpart). Spatial and 
environmental variables were reduced using backwards stepwise selection based on AIC 
values to ensure inclusion of only significant variates. Vegan:varpart was then run and each 
fraction was tested for significance using an ANOVA command with 200 permutations with 
competing matrices partialled in a step wise fashion (Borcard et al. 1992). R Studio Version 
0.97.318 (R version 2.15.2) was used for analyses, with Vegan package (2.0-6) for 
ordinations. 
 
2.4. Results 
2.4.1. Algal diversity and composition changes 
Relative abundance counts of quantitative periphyton samples identified 193 taxa 
(Appendix 2.2). Algal species richness increased within the highest D. geminata biomass 
category (ANOVA, F value=4.965, df =3, P<0.005), however Simpsons diversity index 
(ANOVA, F value=0.973, df=3, P=0.46) and the Berger-Parker index of dominance 
(ANOVA, F value=0.721, df=3, P=0.54) did not change significantly based on relative 
abundance within biomass categories (Fig 2). Algal β diversity measured as compositional 
turnover between biomass categories and algal relative abundance, showed a clear 
community shift (adonis, P<0.001) with increasing homogenisation and dominance of D. 
geminata (betadisper, P<0.0001; Figure 2a). Tukey's HSD tests of the test for homogeneity of 
group dispersions (betadisper) revealed that High biomass sites were significantly different 
from all others. 
High biomass sites were dominated by D. geminata by biovolume 96% (range 84.5-
99.9%). However, based on relative cell abundances D. geminata cells (excluding stalk 
counts) accounted for only 9% (range 0.5-66%) of community composition within High 
biomass sites. This was because the periphyton was dominated by stalk material, rather than 
D. geminata cells. High biomass sites were surprisingly diverse with 116 algal taxa across the 
Impacts of the invasive diatom D. geminata  
45 
 
14 sites. Within these sites small diatoms were diverse and numerous accounting for much of 
the remaining cell biovolume and the majority of cell counts. The taxa Achnanthidium 
minutissimum Kützing and Encyonema minutum (Hilse ex Rabenh.) Mann in Round, are 
common taxa in New Zealand and were present within the periphyton matrix at all High 
biomass sites. While Epithemia sorex Kützing, Synedra ulna var. biceps (Kützing) 
Schönfeldt, Fragilaria capucina Desmazières, Rhopalodia novae-zelandiae Hustedt were 
present at 71% of High biomass sites but each taxon never exceeded 8% of biovolume. Also 
Rossithidium linearis (W.Smith) Round & Bukhtiyarova, Cocconeis placentula Erhenberg, 
Diatoma tenuis C.Agardh were common occuring at ~60% of High biomass sites, but  
comprised a minor component by biovolume. Other non bacillariophytes such as Spirogyra 
sp., Tolypothrix tenuis Kützing, Tolypothrix distorta Kützing, Oedogonium sp. and 
Mougeotia cf. depressa (Hassal) Whittrock were abundant.  Sometimes these were at greater 
biovolumes than many of the smaller diatom species but with more patchy occurrence.  
Many medium and low biomass sites were again characterised by dominance of D. 
geminata by biovolume with a mean value of ~60% (range 98-1.8%), whilst several sites 
exhibited very low cell densities, with little or no apparent stalk material. This was the most 
diverse category with 120 algal species within these 16 sites. Heteroleibleinia purpurascens 
(Hansgirg ex Hansgirg) Anagnostidis & Komárek, a common taxa in New Zealand, 
comprised 27% of counts and 8% of biovolume composition and was present at 87% of sites. 
Whereas E. minutum. Cocconeis placentula Erhenberg, Gomponeis minuta (Stone), 
Gomphonema minutum (C.Agardh) C.Agardh, A. minutissimum, R. linearis, E. sorex, 
Cymbella kappii (Cholnoky) Cholnoky, Melosira varians C.Agardh, were collectively 
present in >60% of medium-low biomass sites. Spirogyra sp. accounted for 11% of 
biovolume was within these sites but was present at only 37% of sites. 
Positive-absent sites had 104 algal taxa present within the 15 sites. With Audouinella 
hermannii (Roth) Duby, C. placentula, Phormidium autunmale, A minutissimum, G minutum, 
H. purpurascens  present in >50% of the sites, and A. hermannii, Spirogyra sp., Ulothrix sp., 
Synedra ulna (Nitzsch) Ehrenberg, Gomphoneis minuta var. cassieae dominated the 
communities by biovolume. 
Reference sites included 96 algal taxa at 10 sites. Similar abundant species A. 
hermannii C. placentula, N. cf. cryptotenella were present in more than half of reference 
sites, while Spirogyra spp., A. hermannii, Synedra ulna var. contracta Østrup, Mougeotia cf. 
laevis (Kützing) Archer and G. minuta var. cassieae were all dominants at differing sites.  
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Figure 2 (a,b): NMDS ordinations representing unconstrained full variation in a) algal communities, 
representing relative abundance data, inclusive of D. geminata stalk material (Stress 0.244), and b) relative 
abundance of invertebrate taxa (Stress 0.237). High biomass sites are indicated by      , Medium-Low biomass 
sites     , Positive absent sites     , and Reference ●. 
 
 
Table 1: Correlated variables from Non metric multidimensional scaling ordinations. a) Algal relative 
abundance data with Didymosphenia geminata excluded from the matrix and included as a correlate. b) 
Invertebrate NMDS correlates with D. geminata biomass included in environmental correlate fitting.  
a) Algal biovolume (D. geminata excluded) 
NMDS correlates b) Invertebrate MNDS correlates 
 
r
2
 Pr(>r) 
  
r
2
 Pr(>r) 
 D. geminata biomass 0.64 <0.001 *** D. geminata biomass 0.29 <0.001 *** 
Pfankuch 0.33 <0.001 *** Lentic 0.28 <0.001 *** 
Lentic 0.23 0.003 *** Pfankuch 0.32 0.002 ** 
TN 0.17 0.005 ** Temperature 0.23 0.002 ** 
Bankfull width 0.17 0.008 ** Froudes 0.27 0.002 ** 
PCNM7 0.17 0.009 ** PCNM4 0.19 0.006 ** 
Froudes 0.18 0.01 * PCNM24 0.10 0.049 * 
PCNM17 0.16 0.018 * 
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2.4.2. Invertebrate diversity and composition changes 
Density counts of invertebrate samples identified 153 taxa. Invertebrate richness 
increased with within increasing D. geminata biomass (ANOVA, F value=8.522, df=3, 
P<0.001)(Fig 3a), with both Medium-low and High biomass sites having greater numbers of 
taxa than reference or positive-absent sites, however Simpsons diversity (ANOVA, F value =  
1.087, df=3,P=0.36) and the Berger-Parker index of dominance were not significant 
(ANOVA, F value = 1.19,df=3, P=0.32) across these categories. Invertebrate densities 
showed no increased trend based on D. geminata biomass categories (ANOVA, F value= 
2.16, df=3, P=0.11) or by D. geminata biomass (Pearson R
2
 0.15, t value=1.10, df=53, P=28), 
however did increase with increasing ash free dry mass (Pearson R
2
 0.31, t value=2.36, 
df=53, P<0.05). 
Invertebrate β diversity (compositional turnover) based on relative abundance data 
(Fig 3b) showed community differentiation with weakened but significant compositional 
turnover based on biomass categories (adonis P<0.005), and were also more homogeneous 
(betadisper, P<0.05; Anderson et al. 2006). 
High biomass sites were dominated by non-biting midges (Diptera: Orthocladiinae) 
comprising up to 58% (mean 40%). The upper Waitaki site, beneath the Waitaki dam, had 
highest biomass of any site (180 g m
-2 
AFDM). It has ~2,500 individuals per m
-2
 
Orthocladiinae, and also had the largest counts of Cladocera: Chychoridae with ~4,000 
individuals per m
-2
. Ephemeroptera (primarily the leptophlebid  Deleatidium spp.) comprised 
13% of counts within High biomass sites, while Trichoptera (primarily the hydroptylid 
Oxyethira albiceps) accounted for  12% and Crustacea  (comprised primarily of Cladocerans 
and Ostracods) approximately 11%. Mollusca (7%) dominated by the hydrobid 
Potamopyrgus antipodarum and Oligochaetae (5%) were also common. 
Medium-Low biomass sites had greater percentages of Ephemeroptera (32%) again 
dominated by Deleatidium spp. Caddisfly larvae (Trichoptera) were also present in high 
densities, (27%) dominated by Pycnocentria spp., Pycnocentrodes spp. and Aoteapsyche spp. 
Diptera (26%) were also abundant with again very high densities of Diptera:Orthocladiinae 
with on average ~400 individuals and a maximum of ~1,500 individuals per m
-2
. Coleoptera, 
Oligochaetes, Plecoptera and Molllusca accounted almost equal proportions of the remaining 
16%. 
Positive-absent sites are comprised of Diptera (29%) composed mostly of 
Diptera:Orthocladiinae with the greatest average densities (270 individuals .m
-2
), 
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Emphemeroptera dominated by Deleatidium spp. (28%), Trichoptera were diverse (17%), 
while Plecoptera (5%) Crustacea (5%), Mollusca (4.6%), Oligochaetae (4.5%), and 
Coleoptera (~3%) comprised the remainder. 
Reference sites had the highest relative abundances and densities of Ephemeroptera 
(36%) again dominated by Deleatidium spp. with 1,500 individuals per m
-2
 estimated from 
the Opihi River. Roding Stream of the Nelson Marlborough region had exceptionally high 
densities of invertebrates with an estimated 8,700 individuals per m
-2
. Diptera also exhibited 
high densities with Tanytarsini sp. estimated at 3,900 individuals per m
-2
 and 
Diptera:Orthocladiinae at 1,600 individuals per m
-2
, while Trichoptera were also highly 
abundant with Pycnocentrodes sp. at 1,000 individuals per m
-2
.
 
This site represents the outlier 
in Figure 2a. Across all sites Diptera (largely Tanytarsini and Orthoclad taxa) comprised 
29%, Trichoptera 16%, Mollusca 4.6%,  Crustacea 5.3%, Oligochaetae 5%, and Coleoptera 
2.5%. 
 
 
Figure 3(a,b): Algal ordinations of algal relative biovolume data with Didymosphenia geminata removed from 
community data. (A) An unconstrained NMDS based on Bray-Curtis dissimilarity (Stress 0.238; Table 1.a.). 
Significant (<0.05) environmental correlations are shown. (B) Constrained distance-based redundancy analysis 
(db-RDA) using Bray-Curtis dissimilarity are shown with significant variables represented (Appendix 2.2.).   
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Figure 4(a,b): Benthic invertebrate community ordinations of relative abundance data. (a) An unconstrained 
non-metric multidimensional scaling (NMDS) based on Bray-Curtis dissimilarity (Stress 0.238; Table 1.b.) with 
significant (<0.05) environmental correlations are shown. (b) Constrained distance-based redundancy analysis 
(dbRDA) using Bray-Curtis dissimilarity identifies strongest environmental associations (<0.05; Appendix 2.3.).   
 
2.4.3. Physicochemical and spatial drivers of community change 
Changes in algal community composition were strongly associated with D. geminata 
biomass within NMDS ordinations. Other parameters including Pfankuch, bankfull width, 
temperature, PCNM 7 and lentic influence, also correlated with community composition 
(P<0.05; Figure 3(a); Table 1(a)). Similarly dbRDA identified D. geminata biomass (P<0.01) 
as the strongest driver of algal community composition, while PCNM17 (P<0.01), 
temperature (P<0.05), total nitrogen (P<0.05), Pfankuch (P<0.05) were also significant 
(Appendix 2.2.). 
Unconstrained NMDS ordination identified D. geminata as a strong driver within the 
invertebrate community, however a range of environmental drives were also strongly 
associated with assemblage composition (Figure 4(b); Table 1(b)). Distance based RDA 
identified Pfankuch (P<0.005) as the strongest driver of invertebrate composition, followed 
by D. geminata (P<0.005), lentic influence (P<0.005), PCNM8 (P<0.005), temperature 
(P<0.01), silica (P<0.05) and total phosphorus (P<0.05; Appendix 2.3.) 
The results of the invertebrate community in particular show results typical of data 
involving complex responses, coupled with large datasets and multiple drivers of assemblage 
composition. Partial least squares path analysis was employed to further examine direct and 
indirect responses to drivers of interest. PLS-PM suggests that EPT% is likely driven by a 
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direct relationship by D. geminata biomass or AFDM, rather than through direct relationships 
with physicochemical variables. AFDM (R
2
 = 0.40) was also noted to explain more variance 
in %EPT that D. geminata biomass (R
2
 = 0.32). It was also noted that increasing nutrient 
concentrations and disturbance mediated the effect of D. geminata biomass of %EPT, while 
water velocity had a direct positive effect on %EPT (Figure 5.a,b.; Appendix 2.4.).  
 
Figure 5a,b: Partial least squares path modeling (PLS-PM) examining the direct and indirect effects of possible 
causal pathways between the influence of a) D. geminata, b) AFDM and relevant physicochemical variables on 
sensitive Ephemeroptera, Plecoptera, and Trichoptera invertebrate taxa (%EPT).  Path coefficients and 
associated bootstrapped P values are indicated above and beneath paths respectively, endogenous variables with 
R
2
 values shown represent the proportion of variance explained by predictors (Appendix D).  
 
Results from RDA based variance partitioning of algal community relative 
biovolumes (D. geminata excluded) explained 14% of variance. 76% was explicable by D. 
geminata biomass (Permutation test for RDA under the reduced model, P<0.005), 8.21% by 
significant environmental variables (temperature, silica, Pfankuch, total nitrogen; P<0.05) 
and 2.2% of variance was purely spatial  (PCNM 3, 2; P<0.05; Figure 6a). Conversely 32% 
of the invertebrate community was explained, with 5.6% explicable by D. geminata biomass 
alone (P<0.05), 15.7% by environmental predictors (Lentic, Temperature, Si, Total 
Phosphorus, Pfankuch; P<0.005), and 10.5% by significant spatial variates (PCNM 5, 2, 27, 4 
and 8; P<0.001;  Figure 6b; Appendix 2e).  
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Figure 6(a,b): Results from variance partitioning (Vegan:varpart). Area proportional Venn diagrams showing 
the relative variation explained by competing drivers within, a) the algal community and b) the invertebrate 
community. Diagrams show the pure effects of A) D. geminata, B) abiotic environmental drivers, and C) space 
whilst the intersections represent covariance amongst drivers (ab-abc). Abiotic environmental and spatial drivers 
derived from principal coordinates of neighbors matrices analysis (PCNM) were selected using backwards 
stepwise selection procedures (P<0.05). Pure fractions were significant at P<0.05. Variation is based on adjusted 
R
2
 as an unbiased estimator (Peres-Neto et al. 2006; Appendix 2e). 
 
2.5. Discussion 
2.5.1. Changes in diversity and community homogenisation with increasing D. 
 geminata biomass 
Within this observational study we attempt to account for the complex effects of niche 
and neutral processes, to establish the relative role D. geminata plays in driving community 
changes in composition, diversity and densities (Vincent et al. 2006; Didham et al. 2007; 
Farjalla et al. 2012). Didymosphenia geminata is described as typical of oligotrophic boreal 
mountain rivers and streams, although recent attention has seen it identified in a wider range 
of ecological conditions, including mesotrophic and sporadically eutrophic waters (Krammer 
and Lange-Bertalot, 1997; Kawecka and Sanecki, 2003; Beltrami et al 2008; Kilroy et al. 
2006). Historic formations of D. geminata’s large benthic mats are considered to differ from 
those encountered today, both in terms of biomass, persistence and frequency (Spaulding and 
Elwell 2007). These large benthic masses where D. geminata occupies up to 99% of benthic 
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algal biovolume with biomass up to 180 g.m
-2 
AFDM (Bray et al. in prep) are an idiosyncrasy 
of D. geminata in oligotrophic habitats, and are known to alter habitat characteristics, primary 
productivity, and communities (Kilroy et al. 2006; Whitton et al. 2009; Taylor 2012). Where 
D. geminata has peculiar preferences for bloom formation within low nutrient, 'pristine' 
habitats, this likely increases the potential for damaging effects (Whitton et al. 2009), whilst 
increased anthropogenic nutrient inputs will mediate the effects of this invasive. These 
significant effects on ecosystems and its rapid spread has triggered sustained scientific 
investigation (reviewed in Whitton et al. 2009; Bothwell et al. 2014), yet little information is 
available on changes to diversity, across broad spatial scales that incorporate reference 
conditions; or with an attempt to examine both competing niche and neutral processes. 
This study shows that where D. geminata establishes and forms proliferations, which 
are dependent on habitat characteristics, significant assemblage and community 
homogenisation occurred within both algal and invertebrate communities. A number of 
studies have observed increasing D. geminata biomass, increasing homogenisation and a 
community shift occurs with dominance of certain taxa, while others also show significant 
increases in invertebrate densities (Shelby 2006; Kilroy et al. 2006; Larned et al. 2007; 
Larson 2007; Kilroy et al. 2009). Kilroy et al. (2009) documented changes to invertebrate 
communities in New Zealand with density increases in some High biomass rivers and a 
community change towards taxa indicative of agriculturally stressed rivers (sensu Stark et al. 
2001). Taxa increases included Oligochaetes, Chironomidae, Cladocera and Nematoda 
(Kilroy et al. 2009). Density, biomass and taxon richness increases were also observed with 
increasing periphyton biomass, and similar changes from EPT to non-EPT insects, 
crustaceans and oligochaetes (Larned et al. 2007). In a before after study, Gillis and Chalifour 
(2009) also observed increased invertebrate densities and increased Chironomidae 
proportions after incursion.  
Not all invaders are equal in their impacts, and D. geminata with its idiosyncratic 
response to nutrient starvation, and creation of habitats provides subsidies at local scales, 
provides an example where the study of each invasion may be warranted, given the difficulty 
in predicting invaders and their impacts (Sax and Gaines 2003; Enserink 1999; Parker et al. 
1999; Kolar and Lodge 2001; Richardson 2011). However, one of the few accepted 
generalizations within invasion biology is that invasives that perform novel functions within 
recipient ecosystems have the greatest impacts (Ruesink et al. 1995; Parker et al. 1999).   
Changes to diversity, composition and biomass may be expected with the invasion of any 
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non-indigenous species, although patterns often show increases in diversity at local scales 
with decreases at larger scales (Sax and Gaines 2003). In this study we noted that single 
metric biotic indices failed to capture the effect of D. geminata on communities. Broad scale 
effects were more appropriately examined though changes in β diversity as turnover and 
analysis of community homogenisation. Clear changes within the algal community and to a 
lesser extent the invertebrate community were noted in both communities in this study.  
Within algal assemblages the mechanism of effect may fall into two broad categories 
(e.g. Taylor 2012). Changes related to trophic interactions (direct effects) and habitat 
alteration (indirect effects). Further to this, habitat alteration, will then also likely alter direct 
effects through changes to grazer and predator abundance, which may then further influence 
habitat structure, and periphyton composition (Larned et al. 2007, Taylor 2012). This may 
occur where grazing by invertebrates can impact attached algae altering composition and 
biomass (Power et al. 1985; Opsahl et al. 2003; Komulaynen 2006). Further to this 
invertebrate feeding on D. geminata was experimentally tested by Larned et al. (2007) who 
found Deleatidium spp., Pycnocentrodes spp., and Potamopyrgus spp. ingest D. geminata, 
while the dominant taxonomic group Chironomidae did not. Altered invertebrate composition 
and thus grazing pressure then likely has effects on other algal taxa through altered grazing 
regime (Komulaynen 2006). Low levels of grazing may stimulate primary production due to 
removal of old cells, altering microhabitats and potentially increasing metabolism within the 
inner layers of the periphyton (Lamberti et al. 1989). While a range of invertebrate taxa have 
been noted to ingest D. geminata, physical and chemical habitat controls appear to dominate 
over biotic controls.  
The mechanism for change within invertebrates may also be due to habitat alteration 
as indirect effects or trophic interactions as direct effects (Dudley et al. 1986, Taylor 2012). A 
variety of potential mechanisms may interact to drive the impact of D. geminata on  
invertebrates. These may include; 1) negative indirect effects where suitable substrate and 
habitats are smothered; 2) positive indirect effects where habitats are created for invertebrate 
taxa; 3) negative direct effects where invertebrate taxa are unable to consume, or gain 
sufficient nutrition to survive within D. geminata mats; 4) positive direct effects where 
greater carbon sequestration is entering the food chain, providing a subsidy over and above 
that of native periphyton; 5) or some combination of effects with subsequent mediation of 
behavioural interactions (Dudley 1986; Larned et al. 2007; Taylor 2012). Change to 
invertebrates have been shown to be due to the indirect effects associated with alteration of 
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physical habitats, which directly influences colonisation and taxa dominance, modifying 
behaviours and predator prey interactions (e.g. Taylor 2012; Jellyman and Harding 2013). 
Furthermore, this effect appears to be a function of algal biomass, rather than an exclusive 
facet of D. geminata. Increasing benthic algal biomass generally causes similar dominance in 
algal taxa (e.g. Gomphoneis, Cymbella, Synedra and Phormidium) with subsequent alteration 
to invertebrate abundance and presence (e.g. Ephemeroptera, Plecoptera and Trichoptera) 
(Dudley et al. 1986; Harvey et al. 1998; Biggs 2000). Importantly as noted in previous studies 
and from this data D. geminata mats are complex mixtures dominated by stalk material 
'intercalating and coalescing as a woven fabric', but with high algal diversity both unicellular 
and filamentous, detrital organic matter, fungi, invertebrates and microbes (Gretz et al. 2008). 
Given the high stalk content, food quantity may influence invertebrates able to ingest D. 
geminata, where stalk material may be unpalatable or of less nutritional value (Larned et al. 
2007). This has lead other authors to suggest that the increased densities noted in relation to 
D. geminata sites may be due to generic effects of increasing algal biomass, such as 
increasing/decreasing benthic habitat availability whilst also influencing species interactions 
(Larned et al. 2007; Kilroy et al. 2009; Taylor 2012). This is supported here where we 
specifically examined D. geminata biomass and AFDM as drivers of changes in %EPT, 
suggesting that changes to invertebrates are due to changing periphyton biomass, rather than 
an intrinsic facet of D. geminata. We note also as others have that the effects of D. geminata 
are not an exclusive facet, and it may be biomass per se that is driving responses of the 
communities in question (e.g. Dudley 1986; Larned et al. 2007). Caveats to this proposition 
are that within oligotrophic habitats other physical and chemical conditions also likely drive 
aspects of community assembly and D. geminata further produces biomass unlike  any other 
observed freshwater algae. So where D. geminata blooms we may expect an increased effect 
of altered habitats and trophic interactions regardless of the mechanism. 
It is possible that the dramatic changes that occur at the base of the food web in D. 
geminata dominated systems (Larned et al. 2007; Kilroy et al 2009), will lead to changes that 
percolate throughout aquatic food webs where generalities may be drawn about impacts 
(noted in Blanco and Ector 2009; Kilroy et al. 2009), however firm inferences cannot be 
made about effects to higher trophic levels or across ecotones from these results. Disparate 
carbon signatures between impacted and non impacted study sites suggested a potential 
decoupling of trophic interactions driven by D. geminata biomass (Rost et al. 2008). 
Similarly Taylor (2012) experimentally found effects across multiple levels of organisation 
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driven by D. geminata. These results suggest that across broad spatial scales within New 
Zealand, the effect of D. geminata may be comparatively less than effects on algal 
communities. However, significant changes do occur within the invertebrate community 
within High biomass sites, which likely has strong effects throughout aquatic food webs. 
Moreover these effects appear primarily to be the result of changes to habitats, rather than 
trophic interactions, as evident with changes to the algal community here. Thus it appears that 
the blooms of D. geminata alter habitats to the extent, that the organism may be considered 
an ecosystem engineer and a transformer (Jones et al. 1994; Falk-Peterson et al. 2006; Taylor 
2012; Zulkifly et al. 2013). 
 
2.5.2. Didymosphenia geminata the dominant driver of change? 
Very few ecosystems are free from habitat loss and degradation or the impacts of 
invasive species. This leads to questions of whether invasives are the drivers of this change or 
whether their presence is coincidental, and change is due impacts on habitats (MacDougall 
and Trukington 2005; Didham et al. 2007). However the paradox of D. geminata is that 
biomass develops due to nutrient limitation (Kilroy and Bothwell 2011). Thus impacts are 
greatest within oligotrophic waters and this allows examination of this hypothesis with no 
specific a priori study design. Specifically with increased nitrogen and phosphorus loads, D. 
geminata may fail to establish and biomass production is limited (Kilroy and Bothwell 2011; 
Bothwell et al. 2014). New Zealand like freshwater ecosystems globally suffers from the 
significant impacts of agricultural land use, with intensification leading to increased 
sediment, nitrogen and phosphorus loads, with a host of negative resultant effects on 
ecosystems (Harding et al. 1999; Parkyn and Wilcock 2004; Burdon et al. 2013). New 
Zealand also has an abundance of clean, clear low nutrient, often oligotrophic rivers 
providing ideal habitat for D. geminata and stimulating biomass production. Lakes and 
impoundments are also common and provide a direct positive effect to D. geminata, altering 
disturbance regime (Kirkwood et al. 2009), and likely nutrient concentrations (Tarapchak and 
Moll 1990).  
Whilst within river studies or paired within river experimental designs can effectively 
target this question at small spatial scales, and directly examine mechanisms of change (e.g. 
Kilroy et al 2009; Taylor 2012), they may not account for patterns of diversity and 
community assembly associated with niche and neutral processes that operate differentially 
across broader scales. Patterns within this dataset suggest that anthropogenic stressors such as 
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increasing nitrogen and phosphorus loads and the effects of impoundments appear have 
strong negative and positive direct effects respectively on D. geminata biomass, while within 
High biomass sites D. geminata primarily drives observed changes in communities. It is 
evident that D. geminata strongly influences community assembly, producing and 
accumulating biomass to levels well above prescribed thresholds for ecological health within 
New Zealand (Biggs 2000). Therefore, D. geminata may be observed to act as a passenger of 
change where invasion success and effects are most likely beneath impoundments (e.g. 
Beltrami et al. 2008; Miller et al. 2009). However, D. geminata also produces biomass almost 
exclusively within micro-oligotrophic waters and so changes within these waters, once the 
effects of dams and other physicochemical variables has been accounted for must be 
attributed to D. geminata (Kilroy and Bothwell 2011).  
 
2.5.3. Congruence between communities and drivers 
Weakening correspondence is apparent between algal and invertebrate assemblages 
(Fig. 6a,b), with D. geminata playing a proportionally weaker role in structuring invertebrate 
communities, than algal communities. Habitat filtering shows that species distributions are 
determined based on fundamental niches, resulting in positive associations if species have 
similar fundamental niches. Competition theory then predicts that species may exclude each 
other from suitable habitat, resulting in negative associations based on their fundamental 
niches (Thompson and Townsend 2006). These mechanisms of community assembly lead to 
differing patterns of co-occurrence and both are determined by species traits rather than 
stochastic aspects of community assembly such as dispersal, demographic drift and speciation 
as outlined in neutral community theory (Bell 2001; Chase and Leibold 2003). However both 
niche based and neutral community models fail individually to best explain patterns of 
community assembly and a synthesis seems logical (Thompson and Townsend 2006; 
Vergnon et al. 2009). Comparisons of these processes and drivers become important where 
partial decoupling between trophic levels may be noted, and aspects of both niche (e.g. Miller 
et al. 2009; Rost et al. 2010) and neutral theory are important for D. geminata (Kilroy and 
Unwin 2011), and the structure of communities studied here. Organism size differences may 
further shed light on patterns where fundamental differences exist due to this integrative 
attribute. Integrative, where many important ecological patterns and determinants of 
community assembly are related to body size, such as abundance, growth rates, organism 
ranges, reproductive strategies and dispersal (Allen et al 2006; Farjalla et al. 2012).  
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Two quite different expectations may be made about body size influencing the roles 
of niche vs. dispersal processes; a) The size dispersal hypothesis predicts smaller sized 
organisms may be niche limited to a greater extent, “everything is everywhere but the 
environment selects” (Baas Becking 1934 in Fontaneto et al. 2011, Finlay 2002; Farjallah et 
al. 2012); or  b) Larger organisms may be more likely to exhibit less trait plasticity and thus 
niche filtering may be expected to be stronger, termed the 'size-plasticity' hypothesis 
(Farjallah et al. 2012). These two hypotheses predict different outcomes, with both 
suggesting niche limitation strengthens with either a) decreases in body size of b) increases in 
body size.  
In terms of turnover across spatial gradients however the size dispersal hypothesis 
suggests smaller organisms may be expected to have better dispersal capabilities and will 
exhibit less turnover over spatial gradients. Reasons for greater dispersal capabilities include  
smaller body sizes (>2 mm) may facilitate passive transport, while dormant phases are also 
common. Smaller organisms often asexually reproduce, increasing rates of colonisation in 
new habitats and escape from Allee effects (Sarnelle and Knapp 2004; Shurin et al. 2009). 
Consequently microorganisms are often have lower compositional turnover over spatial 
gradients (Finlay 2002; Shurin et al. 2009). This may be true for many freshwater algae with 
many regarded as having cosmopolitan distributions (Vanormelingen et al. 2007), and 
smaller microorganisms (Finlay 2002). However this argument may be tempered where 
diatoms are known to have distributions ranging from global to narrow endemic (Kilroy 
2007; Vanormelingen et al. 2007). The inability to identify many algae to species level given 
the lack of reproductive structures, and 'force fitting' which is common, and the inaccuracy of 
using morphology along to determine taxa, likely greatly inflates estimates of cosmopolitan 
distributions which will then significantly under represent spatial structuring within 
assemblages (Tyler 1996).  
With these caveats in mind, results here suggest, similar to the findings of other 
studies, that larger bodied organisms were dispersal limited to a greater extent. This view is 
also supported by the finding that spatial proximity to source populations and connectivity 
between is a strong determinant of restoration success of invertebrates in freshwater 
ecosystems (Bond and Lake 2003; Suren et al. 2004), and observed low spatial compositional 
turnover with decreasing body size which has been observed elsewhere (Hillebrand et al. 
2001; Shurin et al 2009; Farjallah et al. 2012) .  
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In contrast, the 'size-plasticity' hypothesis of Farjallah et al. (2012) posits that larger 
organisms may exhibit greater ecological determinism. Niche filters may act more strongly 
on organisms where developmental constraints exist due to more complex pathways, which 
may limit environmental plasticity in larger organisms. Thus this predicts that larger 
organisms will be more niche limited than smaller organisms. This is supported here, but is 
also generally supported with the use and success of macroinvertebrate biotic indices within 
New Zealand based on niche theory and anthropogenic stressors (Stark 1993; Stark et al. 
2001). 
While the strength of processes may vary, the effective scale of both niche and neutral 
may also differ. Passy et al. (2004) suggested that effective scale varied among groups with 
small scale features more important for fish, whilst diatoms were best described by landscape 
scale variables relating to land cover and use. Similarly Paavola et al. (2006) only found 
weak concordance between boreal communities of fish, macroinvertebrates, and bryophytes 
based on stream classifications and ordinations. Our data suggest that differences based on 
organism size influence both niche and neutral processes, and are collectively important in 
explaining differences in community patterns.  
 
2.6. Conclusions 
Didymosphenia geminata is a strong driver of both invertebrate and algal 
assemblages, causing community shifts and homogenisation. However these effects were 
largely restricted to sites where D. geminata forms proliferations. These results also suggest 
that important differences occur in how niche and neutral processes act based on organism 
size. Our results show that space, physicochemical environmental factors, and D. geminata 
interact to influence species assemblages and diversity, with communities becoming 
increasingly homogenous with increasing D. geminata biomass. Although this effect is 
mediated within invertebrates by increased structuring associated with physicochemical niche 
processes and neutral processes. The mechanisms driving increasing ecological determinism 
with increasing organism size, fit with the size plasticity hypothesis of Farjallah et al. (2012) 
suggesting larger organisms may more specialised and less plastic than smaller organisms, 
and less adapted to dispersal. In contrast, the 'size dispersal' hypothesis may be applicable to 
smaller organisms, with little predictive power between organism sizes. Increased spatial 
structuring with organism size is also supported by the 'size-dispersal' hypothesis. Perhaps the 
well known idiom of "everything (small) is everywhere but the environment selects" (Baas 
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Becking 1934 in Fontaneto 2011), may be rephrased to include that the environment may, in 
comparative terms, weakly select. We believe an argument may be made that the blooms of 
D. geminata, alter habitats in stable, oligotrophic rivers to the extent, that the organism 
should be considered an ecosystem engineer and a transformer (Jones et al. 1994; Falk-
Peterson et al. 2006; Taylor 2012; Zulkifly et al. 2013). 
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Chapter 3. Bloom stimulation and competition in Didymosphenia geminata: Effects of water 
velocity, long term exposure to nutrients, and nutrient limitation. 
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3.1. Abstract 
We examined responses of Didymosphenia geminata including cell, stalk fragment 
and dividing cell densities, to nutrient exposure followed by limitation, within two velocity 
regimes. Our aims were to examine whether cell densities increased with exposure to nitrate 
(NaNO3 - N), and phosphate (NaH2PO4 - P), and whether stalk elongation occurred with 
subsequent nutrient limitation. We also investigated whether D. geminata senesced due to 
prolonged exposure to elevated concentrations of nitrogen and phosphorus, or whether cell 
density declines were driven by competition. Differences in colonisation and bloom 
development rates were further examined under differing turbulence/velocity treatments. We 
tested these questions in flow-through channel mesocosms which were run for eight weeks. 
These results suggest N+P increase cell densities with increased rates of cell division, 
however these rates appear strongly dependent on interspecific competition. Significant 
differences between nutrient treatments were observed where N replete (~70 µg L
-1
 NO3) 
phosphorus limited (1.9 µg L
-1
 TDP) channels showed greatest densities of D. geminata cells, 
stalk fragments and dividing cells. Water velocity results suggest a weak positive effect of 
increased turbulence and water velocities during colonisation. In contrast a number of 
interactions at the experiments conclusion suggest velocity influences successional 
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trajectories reinforcing interspecific competition as a cause of D. geminata dominance 
declines. Didymosphenia geminata cell densities declined with competing cell densities 
within treatments NP (F56=-3.12, P<0.01) and NP-N  (F56=-5.09, P<0.0001). The 
ecophysiological response of stalk elongation to P limitation was documented here and 
suggests nutrient pulses, coupled with long periods of nutrient deprivation may increase rates 
of D. geminata biomass accrual and bloom severity. Didymosphenia geminata blooms are 
however likely to be most severe under P limited conditions, but may be stimulated by low 
levels of N enrichment. The ecophysiological response of stalk production may determine D. 
geminata success within low nutrient systems, while competition appears to strongly 
influence presence and cell densities as nutrient concentrations increase, but these 
interactions may be mediated by nutrient enrichment and microhabitat factors such as water 
velocity.  
 
3.2. Introduction 
Blooms of Didymosphenia geminata (Lyngbye) M. Schmidt. (Bacillariophyceae), 
alter habitats in stable, oligotrophic rivers to the extent, it may be considered an ecosystem 
engineer and a transformer (Taylor 2012; J. Bray unpublished results). Substantially altering 
periphyton biomass, altering community composition and habitat characteristics, invertebrate 
composition and thus food web structure. One of the few accepted generalizations within 
invasion biology is that the greatest impacts occur where non-indigenous species perform 
novel functions within recipient ecosystems (Ruesink et al. 1995; Parker et al. 1999). 
Didymosphenia geminata presents an ecological paradox, where biomass increases due to 
nutrient deprivation. Phosphorus limitation suppresses cell division but coupled with high 
light, results in 'photosynthetic overflow', or the release of surplus photosynthate as stalk 
growth. This stalk growth and elongation produces dense benthic mats, and results in biomass 
orders of magnitude greater than the biomass of most other freshwater algae (Bothwell and 
Kilroy 2011). Indeed, D. geminata may perform a novel function within oligotrophic habitats 
through a quantitatively novel resource use and acquisition strategy, thus providing unique 
habitat and altered trophic pathways within stable oligotrophic waterways. 
Nutrient supply, coupled with flood disturbance are fundamental determinants of 
broad scale lotic primary production (Biggs 1996; Francoeur et al. 1999; Biggs et al. 1998), 
and have been shown to be important controls on D. geminata biomass (Kilroy et al. 2005; 
Whitton et al. 2009; Kilroy and Bothwell 2011). However, this diatom  has a strong 
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preference for oligotrophic habitats, and a number of authors proposed tolerance limits for 
certain nutrients e.g. phosphorus (Larned et al. 2007; Lindstrøm and Skulberg 2008; Løvstad 
2008; see Whitton et al. 2009 for a full review) and nitrogen (J. Bray unpublished data). 
Lindstrøm and Skulberg (2008) suggested that D. geminata is pollution sensitive and 
disappears when total P exceeds 20 µgL
-1
. Similarly, Løvstad (2008) only identified the 
diatom from rivers with <25 µgL
-1
. The literature supports the view that D. geminata is less 
likely to invade and establish within increasing phosphorus loads, and where establishment 
does occur it may occupy a minor role within the periphyton matrix (Beltrami et al. 2008; 
Kilroy and Bothwell 2012; Bray et al. unpublished data). Others have suggested that D. 
geminata disappears from systems when nutrient loads increase (Kawecka, 1965; Kawecka 
and Sanecki 2003).  
However, D. geminata has been shown to be N and P limited and cell division rates 
are known to be suppressed under P limited conditions (Larned et al. 2007; Bothwell and 
Kilroy 2011). Didymosphenia geminata has been noted to survive and be stimulated by 
higher N and P concentrations, up to 50 µgL
-1
 P-PO4 (Bothwell and Kilroy 2011; Kilroy and 
Bothwell 2011) which may be above concentrations where D. geminata grows in the natural 
habitats (Lindstrøm and Skulberg 2008; Løvstad 2008; Kilroy and Bothwell 2012). Although 
this seems contradictory, high nutrients may preclude D. geminata colonisation, or halt stalk 
production, limiting its competitive ability, resulting in D. geminata comprising only a minor 
component of the periphyton (Kilroy et al. 2007; Whitton et al. 2009). The mechanisms for 
this response are unknown but may include possible toxicity effects of excessive N and P 
causing impaired physiological functioning or cell mortality (Tüney et al. 2010; Filstrup et al. 
2014). Another possibility is that other algal taxa that develop under higher N and P may 
competitively exclude D. geminata (Sutherland et al. 2007). In support of the theory of 
interspecific competition, Flöder and Kilroy (2009) found resistance of mature algal 
communities following a unimodal relationship. Low colonisation rates were observed on 
clean substrates, and the highest rates on establishing communities (1-2 weeks old), whereas 
reduced success was associated with later successional stages.  
The foundation studies by Gause (1930), Hutchinson (1959) and MacArthur and 
Levins (1967) suggested biotic interactions can be a major impediment to the coexistence of 
species, and competition often has a major role in shaping community structure. However 
where environmental conditions are harsh it may be argued that biotic interaction such as 
competition and predation are weakened (e.g. Grime 1974; Huston 1979). Further to this, 
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niche processes do not act alone and colonisation, dispersal, and stochastic demographic 
changes also structure communities (Hubbel 1997; 2001; Thompson and Townsend 2006).  
Controls of large scale D. geminata bloom dynamics and presence within a waterway 
may be understood through examination of water chemistry, nutrient supply and flood 
disturbance, but operating within these broader controls microhabitat scale factors such as 
shear stress and water velocity can play important roles (Bray et al. unpublished data). For 
most periphyton, colonisation, succession trajectories, periphyton physiognomy and biomass 
have been shown to respond to changes in water velocity, turbulence and shear stresses (Poff 
et al. 1990; Uehlinger et al. 1996; Biggs et al 1999; Opsahl et al. 2003; Wellnitz and Poff 
2006). Detailed examination of the hydraulic conditions associated with D. geminata mats 
has identified changes to near bed hydraulics at the mat surface and within the mat (Larned et 
al. 2011). This was posited to decrease detachment risk, influence boundary layers with 
suggested positive effects for mass transfer, whilst increasing conditions conducive to 
nutrient cycling within the mat (Larned et al. 2011).  
 We tested six hypotheses;  
1) Didymosphenia geminata cell densities increase with exposure to Nitrate (NaNO3 - 
N), and phosphate (NaH2PO4 - P). 
2) Stalk elongation occurs with phosphorus and nitrogen limitation.  
3) That D. geminata senesces with prolonged exposure to elevated concentrations of 
N+P.  
4) Interspecific competition results in declines in D. geminata cell densities, and thus 
may explain absence within higher nutrient waters.  
5) Increasing in water velocity decreases colonisation. 
6) Bloom development rates increase with increasing water velocity. 
 
3.3. Methods 
We used a single complex experimental set up to answer the above hypotheses.  
Experiments were conducted within outdoor flow through, channel mesocosms. These 
channels were installed alongside the mainstem of the Waitaki River at Collie Hills Station, 
Waitaki River, Canterbury, South Island, New Zealand (-44.709697°, 170.457639°). The 
Waitaki River is an oligotrophic regulated river system with numerous hydroelectric dams, 
and has supported blooms of D. geminata since its detection in this river in 2006 (Kilroy and 
Bothwell 2011). The experimental facility consisted of 12 channels (dimensions 2 m x 0.2 m 
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x 0.05 m) flowing at ~30 L. min
-1
 fed from header tanks with flow from two effluent pumps 
situated in the Waitaki River. The experimental design followed Bothwell (1988) and is 
further detailed in Kilroy and Bothwell (2011) and Bothwell and Kilroy (2011). Nutrients 
were added using a peristaltic pump. Each channel had substrate of open-cell Styrofoam
TM
 
(Floracraft Corp. Ludington, MI, USA). This substrate has been used previously in these 
channels and allows ease of quantitative sampling. The Styrofoam is translucent allowing 
direct examination of the substrate under a compound microscope at up to 200 x, and has a 
rough porous texture enabling rapid algal colonisation. Channel sampling regime, layout and 
photographs are detailed within Appendix 3.1. 
Channels were divided longitudinally with the first 1.6m allowing laminar/slow 
velocities, with each downstream end manipulated to provide turbulent/fast velocities. 
Velocity/turbulence treatments were achieved by placing marble as baffles (~0.03 mm width, 
~0.03 mm height, 140 mm) in a staggered pattern at the end of all channels (Appendix 3.2.). 
The velocity baffles backed up flow in channels creating zones of fast and slow flow, and 
depositional areas. This resulted in depths of 0.05 m in most channels, with the two 
contrasting areas characterised using “clod cards”, a method for comparing the dissolution 
rate of moulded plaster shapes (e.g., Jokiel and Morrissey 1993; Thompson and Glenn 1994; 
Larned and Stimson 1996). A clod card control trial was run to account for losses attributable 
to diffusion in still water, differences which were used to correct final weights as per the 
methods of Thompson and Glenn (1994) (for results from clod card characterisation see 
Appendix 3.2.). 
Initially channels were colonised by running Waitaki River water only through them 
for a period of eight days. Then nitrate (NaNO3 - N), and phosphate (NaH2PO4 - P) were 
added to nine treatment channels, taken to be the experiment start. Three control channels had 
no nutrients added. N was added because previous experiments indicated that D. geminata 
cell division could become N-limited when only P was added (Kilroy and Bothwell 2011). 
On day 27 nutrient additions were stopped in three channels (Pulse-Waitaki treatment), 
reduced to N only in three channels (Pulse-N), and continued in the remaining three channels 
(N+P), with the control channels remaining unchanged. Nutrients were added to achieve 
phosphorus concentrations of 7-8 µL
-1
 and nitrogen concentrations of 80 µL
-1
 (Table 1). 
Channels were covered by transparent screens to reduce the effects of rain and wind creating 
turbulence and possible nutrient contamination from adjacent channels. During the 
colonisation period only, all channels were covered with UV screens, as UV has been shown 
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to reduce D. geminata colonisation and cell division rates in the early stages of colonisation 
(Kilroy and Bothwell 2011). However the late timing of the experiments, with typically lower 
incident UV during the period of the year the experiment was conducted (late summer-
spring), meant that excluding UV may have had little over all effect. 
Periphyton was sampled by 19 mm cutting cores from the styrofoam using a stainless 
steel corer. Cores were gently washed in channel water to remove any loose, deposited 
material, before transfer to vials and fixing with Lugols solution.  In the laboratory, samples 
were homogenised for 12 sec in 70 ml of water/Lugols mix using a hand-held blender, and 
the resulting suspension was made up to a known volume (100 ml). Aliquots of the 
suspension were pipetted into a nanoplankton counting chamber and non-dividing, dividing, 
and stalk fragment densities were counted. Counts were made at 400 x magnification of the 
following, non-dividing D. geminata cells; dividing D. geminata cells (pairs of cells joined at 
the long edge, as seen in girdle view); stalk material (250 µm lengths); empty D. geminata 
frustules. For D. geminata cells and counts of dividing cells, only “healthy” cells were 
counted, defined as cells with intact chloroplasts. Where possible at least 100 healthy cells 
were counted in each sample. However this was not always possible where some samples had 
fewer cells. Algal species composition was recorded by counting cells of all algae in a three 
fields at 400 x. Detailed counts and measurements of individual stalk fragments at 400x 
magnification were also made from day 39, 12 days after the treatment switch.  Day 39 was 
chosen to give D. geminata time to respond to nutrient limitation, but where competition with 
other algal species was observed to be to be low (pers. obs. J. Bray). 
Water temperature was continually recorded in four channels at 15-min intervals 
using a Starlogger system (NIWA Instrument Systems) and grab water samples were 
collected periodically from the end of the channels to verify that the nutrient additions had 
achieved the target concentrations. Water samples were filtered through fine glass fibre filters 
(GF-F) in the field, stored frozen, and analysed for nitrate nitrogen (NO3-N), dissolved 
reactive phosphorus (DRP) and total dissolved phosphorus (TDP) (occasionally total 
dissolved nitrogen (TDN) ammonium nitrogen (NH4) using standard APHA methods at the 
Water Quality Laboratory, NIWA, Hamilton. 
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Table 1: Mean concentrations of dissolved reactive phosphorus (DRP), total dissolved phosphorus (TDP) and 
nitrate (NO3-N) measured in water samples collected from the experimental channels at single water samples 
taken during the initial Pulse phase (averaged from days 1 to 27), and from the Treatment phase (days 28-60).   
   Nutrient concentrations (µgL
-1
) 
Period Treatment n 
DRP 
Std.dev ±() 
 
TDP 
Std.dev ±() 
 
NO3-N Std.dev 
±() 
 
Days 1-27 Control  3 0.7 (±0.45) 0.92(±0.2) 1.1(±0.97) 
Pulse phase NP 9 6.5(±1.3) 7.8(±0.35) 67.4(±6.0) 
      
Days 28-60 Control  3 0.5(±0) 2.1(±6.3) 0.75(±2.9) 
Treatment phase NP 3 9.7(±8) 11.9(±8.5) 108.7(±83.97) 
 NP-Waitaki 3 0.5(±0.0) 0.5(±0) 1.7(±0.52) 
 NP-N 3 0.5(±0.0) 1.6(±0.62) 71.9(±12.8) 
 
 
3.3.1. Statistical analysis: 
Linear mixed effect models were employed to test for differences between treatments. 
Where necessary square root transformations were employed to help data meet conditions of 
normality. Quantile-Quantile normal plots, cooks distance, and residual vs. fitted plots were 
used to assess the model fit. Treatment and minutes since start were treated as fixed effects,. 
Replicates were treated as a random effect. Centring around final dates was employed so 
estimated intercepts represented the situation at the conclusion of experiments, where greatest 
effects were noted. QQnorm and residual vs. fitted values plots indicated some 
heteroscedasticity and acceptable quantiles. Mixed effects models were carried out with the 
function lme from the nlme package (Pinheiro et al. 2001) using R Studio 0.97.318, 
employing R-2.15.2.  
 
3.4. Results 
3.4.1. Response of cell densities Nitrogen +Phosphorus exposure 
Didymosphenia geminata cell densities increased through time with the N+P 
treatment (T) over the 60 day (D) period of enrichment (D*T, F46=2.67, P<0.05) and had 
greater cell densities that control channels (T, F46=3.47, P<0.05; Figure 1). Post treatment 
change D. geminata cell densities increased per cm
2
 within the NP-N treatment (F8 = 4.79, 
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P<0.01; Figure 1), with a significant interaction with days (F8 = 4.79, P<0.01), whilst no 
significant differences were noted between other treatments. Similarly the density of D. 
geminata dividing cells increased within the NP-N treatment (F68 = 4.91, P<0.005). In 
contrast FDC (frequency of dividing cells) decreased within both NP-N and NP treatments. 
Both these treatments had high starting values prior to nutrient change, with subsequent 
decreases as the experiment progressed. NP-N had significantly greater FDC than control 
channels, (F8 = 2.52, P<0.05), with a close to significant negative interaction with days (F68 = 
-1.74, P<0.1). Empty cells increased across all treatments through time (F68 = 5.33, P<0.05), 
with no significant difference between treatments (F3,8 = 2.00, NS). 
Figure 1. Comparisons between treatments by D. geminata cells cm
-2
, dividing cells cm
-2
, the frequency of 
dividing cells (FDC%), and stalk fragments cm
-2
 in channels post treatment change. Lines represent fitted values 
from mixed effects models with 0.95 confidence intervals based on a standard normal deviation. T*D indicate a 
significant interaction between treatment and days, T indicates a treatment effect. Treatments include a control 
with no nutrients added, NP treatment has nitrate and phosphate added continuously, NP-N treatment is nitrate 
and phosphate to nitrate, and NPWaitaki represents a change from nitrate and phosphate to control Waitaki 
conditions. 
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Figure 2: a) Fitted values from fixed effects with 95% confidence intervals of stalk fragment counts, post 
treatment change over, releveling was used to determine significance between treatment types, b) Boxplot of 
stalk fragment lengths analysed mid experiment (1/5/12), 12 days after nutrient treatment changes occurred. 
Significant differences were observed between treatments (ANOVA, P<0.0001), with TukeyHSD pair wise 
differences presented.  
 
 
Figure 3: Comparisons between competing periphyton taxa counts and D. geminata cell densities per cm within 
treatments from the final sampling date. T indicates a treatment effect with T*C indicating a treatment 
competition interaction. 
 
 
 
 
 
Bloom stimulation and competition in D. geminata 
77 
 
 
 
 
 
3.4.2. Stalk response to nutrient deprivation 
Based on homogenised channel counts stalk fragment densities per cm were found to 
significantly differ between control and the P limited NP-N treatment (F8 = 2.44, <0.05; 
Figure 2a). However this statistic was based on coarse counts of ~250 µm lengths. A more 
detailed analysis involving stalk measurements, similar to that conducted in Kilroy and 
Bothwell (2011), indicated that stalk material was longest within both treatments that had 
previously received nutrients, and had then undergone nutrient limitation. The continuous NP 
addition treatment also had significantly lower stalk fragment lengths than both Control (F8 = 
2.53, <0.05) and NP-N (F8 = 2.89, <0.05) treatments, with no difference to NP-Waitaki (F8 = 
2.44, <0.05; Figure 2b). 
 
3.4.3. Response of prolonged N+P exposure  
Senescence within high N+P treatments was examined to determine whether D. 
geminata cell death occurred or FDC and densities of dividing cells decreased. The initial 
analysis comparing N+P and control treatments suggests that N+P stimulates D. geminata 
cell densities over many days. Post treatment change, D. geminata cell densities within the 
NP treatment showed no significant pattern (F68 = 1.12, NS; Figure 1). Within the NP-N 
treatment cell densities increased (T, F8=5.17, P<0.001; T*D, F68=2.57, P<0.05), dividing 
cells increased (T, F8=5.24, P<0.001; T*D, F68=2.14, P<0.05) and FDC declined (T, F8=5.17, 
P<0.001; T*D, F68=2.57, P<0.05). Stalk fragment densities were also greater (T, F8=3.22, 
P<0.01). FDC appeared to also decline within the NP treatment, although this was not 
significant (NP*D, F68=-1.75, P<0.1).  
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Figure 4. Algal cell densities, and water velocity interactions from the final sampling date. a) D. geminata cell 
counts per cm
-2
, and b) stalk counts per cm
-2
. Interactions between predictors are represented by treatment (T), 
Competing algal taxa (C), and water velocity (V) effects and interactions denoted. 
 
3.4.4. Does competition exclude D. geminata in high nitrogen and phosphorus 
 waters? 
Extensive fine filamentous algal mats were present in all treatments, and comprised 
primarily of Fragilaria tenerea (W.Smith) Lange-Bertalot, Melosira varians C. Agardh, 
Tabellaria flocculosa (Roth) Kützing, Diatoma tenuis C. Agardh, Achnanthidium 
minutissimum (Kützing) Czarnecki, Synedra ulna var. biceps (Kützing) Kirchner, Synedra 
ulna (Nitzsch) Ehrenberg. These native algal mats attained biomass to the extent that 
sloughing occurred within many channels during the experiment, where deep but diffuse 
loosely attached mats dominated by F. tenerea broke free. This caused significant changes to 
algal physiognomy, shading and algal structure within the channels. Analysis of algal 
communities from day 60 identified significant differences between D. geminata cell 
densities within treatments (T) and competing algal cells (C; Figure 3). Densities of native 
algal taxa were strong predictors of D. geminata cell densities as shown by significant 
interactions within both NP (T*C, F56= -2.1, P<0.05) and NP-N (T*C, F56 = -4.05, P<0.001). 
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Strong effects were noted with dividing cell densities which were greater within NP (T, 
F8=4.04, P<0.01) and NP-N (T, F8=7.07, P<0.0001), and significantly declined with 
competing algae densities in both NP (T*C, F56=-3.12, P<0.01) and NP-N (T*C, F56=-5.09, 
P<0.0001; Figure 3). 
 
3.4.5. Effects of water velocity on bloom development 
Examination of turbulence results showed a number of differences between 
treatments. A trend towards greater colonisation within turbulence/fast (V) treatments was 
indicated from data averaged over the first three sampling dates, days 5, 13, 27 (V, F66=1.9, 
P<0.1). Significant interactions occurred with D. geminata cell densities NP-N (NP-N*V, 
F48=-2.12, P<0.05) and NP-Waitaki (NP-Waitaki*V, F48=-2.42, P<0.05), with a significant 
three way interaction between interspecific taxa densities, NP-Waitaki and velocity (NP-
Waitaki*C*V, F8=2.51, P<0.05). FDC also significantly decrease within the NP turbulence 
treatment (NP*V, F48=0.05, P<0.05), with a significant negative interaction with competing 
algal cells (NP*C*V, F48=-2.82, P<0.01). Stalk counts were greatest within NP-N treatment 
(F8=3.19, P<0.05), decreased with other algal cell densities (F48=-2.16, P<0.05), and had a 
significant NP Turbulence interaction (F48=2.25, P<0.05; Figure 4). 
 
 
3.5. Discussion 
3.5.1. Nitrogen and Phosphorus nutrient limitation 
Nutrient limitation is common within many freshwater algae, with nutrient 
availability being a fundamental determinant of diversity, biomass and community 
composition (Tilman et al. 1982; Biggs and Price 1987; Biggs and Close 1989; Biggs and 
Smith 2002). Didymosphenia geminata has been shown to be limited by both N and P 
(Larned et al. 2007; Bothwell and Kilroy 2012; Kilroy and Bothwell 2012). Bothwell and 
Kilroy (2011) found that the addition of N (NO3) alone triggered cell division, however this 
was not maintained over time. Whilst addition of P (PO4), or N and P together stimulated 
prolonged cell division, indicating that cell division rate was predominantly P-limited. In this 
study we observed that increases in the density of cells were greatest within treatments that 
had NP stimulation followed by P deprivation. Whilst D. geminata may have broadening 
tolerances (Spaulding & Elwell, 2007; Blanco & Ector, 2009), observational studies suggest 
D. geminata dominates within low nutrient systems (e.g. >2-8 ugL
-1
 dissolved reactive 
phosphorus; Kilroy and Bothwell 2012). Typically bloom formation occurs in oligotrophic 
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waters driven by P deprivation (Kirkwood et al. 2007; 2009; Kilroy and Bothwell 2011; 
Bothwell et al. 2014). Disappearance in some systems has also been attributed to increased 
nutrient loading (Kawecka and Sanecki 2003). Yet experimental findings in this study and 
elsewhere suggest nutrient limitation using concentrations of N+P at, or above the realised 
niche of D. geminata (Bothwell and Kilroy 2011; Kilroy and Bothwell 2011). Where this is 
the case, this provides a paradox in itself, where N+P promote cell density increases, how 
then is D. geminata excluded from these waterways? However, this is explained where D. 
geminata dominance is related to stalk production which is driven by nutrient limitation. 
With this knowledge we are a step closer to understanding this disconnect (Cullis et al. 2012; 
Kilroy and Bothwell 2012). 
 
3.5.2. Bloom development with nitrate and phosphate amendment followed by 
 phosphate deprivation 
Didymosphenia geminata division rates under oligotrophic conditions are stimulated 
by addition of nutrients, inorganic phosphorus and nitrate (Bothwell and Kilroy 2012), and 
bloom development due to prolific stalk formation occurs only when nutrient levels are low 
(Kirkwood et al. 2007; Kilroy and Bothwell 2012; Bothwell et al. 2014). Therefore it seems 
likely that a period of rapid cell division due to high nutrients, followed by very low 
nutrients, could trigger a large bloom. Phosphorus and nitrate stimulated cell division leading 
to increased D. geminata cell densities was apparent in this study. This lead to both increases 
in dividing cells and vegetative cells densities, as evident between N+P and control 
treatments. However, as the experiment progressed, FDC and cell densities appeared strongly 
influenced by negative density effects with competing algal taxa. Increases in cell densities 
within continuous NP treatments were however subtle by comparison to the dramatic 
increases that occurred within NP-N channels. These channels had a pulse of NP followed by 
P limitation with continued N amendment, and were observed to have greater densities of 
vegetative and dividing cells. These differences are significant and contrast from previously 
reported findings (Bothwell and Kilroy 2012), suggesting an interaction which was not 
reported from shorter term experiments.  However our results do corroborate the findings of 
Kilroy and Bothwell (2012), where nutrient limitation triggers stalk development. An 
interesting finding of our study may be that elevated N may further promote cell division, 
whilst the absence of P encourages the ongoing stimulation of stalk production. This may 
potentially lead to faster bloom formation, and is a mechanism warranting further 
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exploration. However, Kilroy and Bothwell (2011) found that FDC and stalk development 
were negatively correlated, whilst we observed that colonies may arise with high cell 
densities with increased rates of cell division, with apparent maintenance of comparably high 
growth rates of stalk fragments. However, this observation is made more complex by the fact 
that we did not measure internal cellular P storage which may have occurred during the NP 
pulse, although the rapid changes to stalk development that occurred 12 days after channel 
treatment change-over suggest this effect may have been minor. Nutrient storage may be 
critical where internal and external solute concentrations may vary, whilst internal 
concentrations control physiological responses and cell division (Hernandez 1993; Cao 
2010).  
This response of D. geminata to nutrient limitation may be a type of hormesis, which 
is a term used to describe favorable biological responses to low exposures to toxins and or 
stressors, in this instance nutrient deprivation. Increasing cell densities, increased 
phosphatase activity, greater suspended cell concentrations, and relative cell biovolumes with 
increasing stalk biomass may support the theory that D. geminata stalk development provides 
increased fitness. 
 
3.5.3. Water velocity, competition, long term exposure and dominance declines 
Evidence for N+P limitation seems contradictory where we note, senescence within 
and absence from meso to eutrophic habitats (Kawecka and Sanecki 2003). Several instances 
of this have been observed by Kawecka and Sanecki (2003), with disappearances within both 
the Dunajec and Bialka Tatranska rivers (a tributary of the Dunajec River). A number of 
authors suggest upper limits for both P (<20 µgL
-1 
in Lindstrøm and Skulberg 2008; <25 µgL
-
1 
in Løvstad, 2008) and N (J. Bray, unpublished data). These observations may be explained 
by competition, direct toxicity effects, or allelopathy. The potential for direct toxicity effects 
of nitrate, were considered (e.g. Tüney et al. 2010). These effects may be through direct 
ammoniacal or other nutrients of solutes causing direct toxicity or osmotic stress, however 
our data does not support these hypotheses where D. geminata cell densities increased with 
prolonged N+P exposure. Differential rates of colonisation and early survival based on 
altered nutrient regimes has also been considered however elevated DRP concentrations had 
no effect on initial cell attachment (Kilroy and Bothwell 2014b). Allelopathic effects are 
unlikely, where competing taxa were predominantly other diatoms. We hypothesise the result 
here was due to competition for light specifically (Rosemond 1993; Rosemond et al. 1999; 
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Manoyolov 2009), where D. geminata may be particularly sensitive to shading (James et al 
2014)  
Flow disturbance and water velocity have pervasive effects on benthic organisms, 
influencing colonisation, biomass accrual and loss, and biotic interactions (McIntire 1966; 
Horner and Welch 1981; Horner et al. 1990; Biggs 1999; Hart and Finelli 1999; Biggs et al. 
2005; Francoeur and Biggs, 2006; Wellnitz and Poff 2006; Hart et al. 2013). At low 
velocities growth limitation can occur where mass transfer processes, the delivery of nutrients 
to a cell, and the removal of waste products, become limiting (Biggs et al. 2005; Larned et al. 
2011). With increasing velocities, form induced drag on cells increases, resulting in increased 
sloughing and in some instances reduced colonisation (Biggs 1996, Biggs et al. 2005). This 
results in a typical subsidy stress response, where mass transfer rates increase biomass 
accrual and carrying capacity, until form induced losses to sheer stress reach a threshold and 
negatively influence biomass. This is due to a number of mechanisms, 1) the flux of nutrients 
to the mat is increased with increasing turbulence, 2) the boundary layer and viscous sub-
layers around cells and filaments decreases, enabling faster uptake at the mat surface and 
within the mat, 3) rates of waste removal increase (Biggs and Stokseth 1996; Larned et al. 
2011). Several studies have found D. geminata to be strongly influenced by flow conditions 
at the reach scale, generally finding a negative relationship with increasing velocity and sheer 
stress  (Kilroy et al. 2005; Kilroy et al. 2006; Kirkwood et al. 2007; Larned et al. 2007; Miller 
et al. 2009; Larned et al. 2011). In this experiment we observed a weak pattern of increased 
colonisation rates with increasing water velocity and turbulence, with more turbulent areas 
having greater cell densities. In contrast the conclusion of this experiment identified three 
way interactions between nutrient treatments velocity and competing algal taxa densities. We 
suggest that differences in D. geminata densities occurred between water velocity treatments, 
these also differed by nutrient regime, resulted in differing successional trajectories, 
culminating in differential impacts on D. geminata based on competing cell densities. Similar 
to the findings of Poff et al. (1990) we observed differing succession trajectories dependent 
on differences in flow conditions. These authors demonstrated water velocity drove 
differences in algal physiognomy, composition and successional in the absence of herbivores. 
Similarly Hart et al. (2013) found dominance of patches between Phormidium sp. vs. 
filamentous green communities occurred over fine scales driven by differences in water 
velocity, while Flinders and Hart (2009) also showed that fine scale changes in flow also 
selectively influences algal taxa.  
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Gause (1930) stated "the abundance of a species does not depend upon a single 
environmental factor, but upon the whole factor complex". Specifically biotic interactions can 
be  a major impediment to the coexistence of species, and to the diversity of organisms, and 
competition can play a major role in driving community structure (Gause 1930, Hutchinson 
1959, MacArthur and Levins 1967). However where populations are sparse through 
physiological stress, resource stress or physical or biological disturbance, it may be argued 
that competition is often weak or infrequent (Grime 1974; Huston 1979; Greenslade 1983; 
Townsend et al. 1997). Didymosphenia geminata appears to exploit through this plastic 
response, competitive dominance within low nutrient systems (>2-8ugL
-1
).This phenomena, 
which may be considered hormesis, is explicable in a proximate sense, through the 
mechanism of photosynthetic overflow, and ultimately, through the adaptive value of bloom 
formation. Blooms may be adaptive for better access to nutrients and light, enabling greater 
substrate stability reducing detachment risk and providing habitat suitable for nutrient cycling 
and phosphorus acquisition (Ellwood and Whitton 2007; Aboal et al. 2009; Larned et al. 
2011), and result in increased cell densities, increased biomass, with increased downstream 
propagule pressure (unpublished results). 
 
Figure 5. Conceptual diagram of the influence of phosphorus on competitive interactions between 
Didymosphenia  geminata and competing algal assemblages across a gradient of phosphorus. Rates of biomass 
accrual, peak biomass and cell densities may follow similar patterns, despite observed P limitation in 
Didymosphenia geminata. a) D. geminata dominance by biovolume with co occurrence of competing taxa; b) 
with increasing P, photosynthetic overflow slows and rates of accrual of competing taxa increase resulting in D. 
geminata dominance declines; c) at higher phosphorus concentrations competitive exclusion may then result. 
We note that a single species, single limiting nutrient paradigm depicted here, is not strictly valid, where c 
represents a community continuum based on varying successional trajectories (Tilman 1982; Francoeur 2001). 
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Furthermore algal taxa differ in nutrient requirements, thus a multi species 
assemblage will be limited by a range of different nutrients. While a single limiting nutrient 
paradigm is invalid (Tilman 1982; Francoeur 2001) where growth rates of assemblages, are 
known to differ based on available species pools, disturbance regime, water velocity, light 
and herbivory (Tilman 1982; Pringle et al. 1988; Rosemond 1993; Stevenson 1997), 
Didymosphenia geminata appears to be generally excluded with increasing N and P. 
However, it appears that with increasing nutrient regimes, D. geminata is stimulated where 
increases in cell densities occur with N+P exposure, even over long time periods. Thus cell 
densities are strongly influenced by both mass transfer processes relating to N and P 
availability and by competing taxa cell densities. Thus a general pattern of competitive 
exclusion likely occurs within high nutrient waters (Figure 5). Numerous studies have also 
shown that periphyton production, nutrient uptake, successional trajectories and biomass are 
influenced by water velocity (Lock and Johns 1979, McIntire 1966, Whitford and 
Schumacher 1964; Horner et al. 1990; Biggs et al. 1999; Jones et al. 2000; Larned et al. 2004; 
Wellnitz and Poff 2006). Competitive interactions mediated by water velocity and 
successional trajectories, may then explain interactions between nutrient treatments and water 
velocity treatments.  
It is generally understood that species adapted to resource poor habitats may follow 
life history strategies, and have traits, enabling more efficient use of resources (conservative 
strategies), or employ strategies to aid in resource acquisition. These traits represent trade-
offs where no single species can maximise fitness across all environments (Aerts and Chapin 
1999; Funk and Vitousek 2007; Heberling and Fridley 2013). Similarly perhaps, the plastic 
ecophysiological response of D. geminata to increasing resource stress, with the production 
of stalk material regulation of alkaline phosphatase activity may represent such a trade off. 
Stalk production is present in other algae, however D. geminata differs quantitatively in its 
expression. Thus, in its extent this trait is novel in D. geminata, and appears to enable 
competitive dominance in low nutrient habitats.  
Complex interactions between, water velocity, nutrient availability and biotic 
interactions, outline that within a realised niche we may expect differing outcomes of D. 
geminata persistence at the patch scale (Hart et al. 2013). However these interactions become 
less important, with increasing nutrient availability, where relationships with interspecific 
taxa suggest competition predominates. In contrast, P limitation facilitates stalk production 
and drives dominance within low nutrient systems. 
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3.6. Conclusions 
Whilst P limitation is the mechanistic driver of blooms, we suggest that increases in N 
as pulses in natural waterways, may exacerbate and potentially accelerate bloom formation. 
The success of D. geminata as an invasive appears derived from the ecophysiological 
response to chronic P limitation that occurs with oligotrophic habits. Within N and P replete 
conditions rapid competitive dominance of competing algal taxa, with subsequent declines in 
D. geminata cells division rates and cell densities results. This provides an explanation for D. 
geminata disappearance, and absence within higher nutrient rivers. The response of D. 
geminata to P limitation may be considered hormetic, with nutrient stress ultimately 
providing significant fitness benefits. Increasing benthic cell densities, suspended cell 
concentrations, and cells densities with increasing stalk biomass support this theory. 
Examination of interactions between, nutrients, water velocity and competing taxa, identify 
complex relationships and suggest competition is the dominant process likely inhibiting 
establishment and causing disappearance of D. geminata within higher nutrient systems. 
Didymosphenia geminata has undergone very rapid spread within the South Island of 
New Zealand, where an abundance of oligotrophic waterways and lakes, both natural and 
manmade, provide ideal habitat requirements for bloom development. The ongoing global 
eutrophication of freshwaters (Ansari et al. 2011), is likely to continue to create habitat less 
suitable to D. geminata, whilst the spread of D. geminata will continue within low nutrient 
waterways untouched by agricultural impacts (Reid and Torres 2014). This represents a 'catch 
22' dilemma, habitats that are likely to remain D. geminata free, are likely those suffering the 
effects of agricultural point and non-point source pollution. 
 
3.7. Acknowledgements 
 Ministry for Primary Industries was the primary funder of this component of the 
research and was organised by Rosemary Bird. The Miss E. L. Hellaby Indigenous 
Grasslands Research Trust and the Department of Conservation further contributed to this 
study. We also acknowledge Graham Hughes, Neil Blair for onsite help. Land owners 
contributed significantly and Kate White, Peter Irving (Otiake site), and Eric and Sue Ross 
and Wade Newlands (Collie Hills Station) allowed us the use of their land. We particularly 
thank Eric and Wade for allowing us to use their power connection. Kaye and Keith at 
Glenmac Farmstay are thanked for accommodation while in Kurow. 
Bloom stimulation and competition in D. geminata 
86 
 
 3.8. References 
Aboal, M., S. Marco , E. Chaves, I. Mulero & A. Garcıá-Ayala, 2012. Ultrastructure and 
function of stalks of the diatom Didymosphenia geminata. Hydrobiologia 695:17–24. 
Aerts, R. & F. S. Chapin, 2000. The mineral nutrition of wild plants revisited: A re-
evaluation of processes and patterns. Advances in ecological research 30. 
Ansari, A. A., S. S. Gill & F. A. Khan, 2011. Eutrophication: Threat to aquatic ecosystems. 
In: Ansari, A. A. Gill, S. S., Lanza, G. R., Rast, W. Eutrophication: causes, 
consequences and control. Springer. 
Beltrami, M. E., C. Cappelletti, F. Ciutti, L. Hoffmann & L. Ector, 2008. The diatom 
Didymosphenia geminata: distribution and mass occurrence in the Province of Trento 
(Northern Italy). In Jones, J. & J. Faaborg (eds) International Association of 
Theoretical and Applied Limnology, Vol 30, Pt 4, Proceedings. International 
Association of Theoretical and Applied Limnology - Proceedings, vol 30, 593-597. 
Biggs, B. J. F., 1996. Patterns of benthic algae of streams. . In: RJ Stevenson, ML Bothwell, 
and R L Lowe (editors) Algal ecology: freshwater benthic ecosystems Academic 
Press, San Diego:Pages 31-56. 
Biggs, B. J. F., V. I. Nikora & T. H. Snelder, 2005. Linking scales of flow variability to lotic 
ecosystem structure and function. River research and applications 21: 283–298. 
Biggs, B. J. F., R. A. Smith & M. J. Duncan, 1999. Velocity and Sediment Disturbance of 
Periphyton in Headwater Streams: Biomass and Metabolism. Journal of the North 
American Benthological Society 18(2):222-241. 
Biggs, B. J. F., R. J. Stevenson & R. L. Lowe, 1998. A habitat matrix conceptual model for 
stream periphyton. Archiv Fur Hydrobiologie 143(1):21-56. 
Biggs, B. J. F. & S. Stokseth, 1996. Hydraulic habitat suitability for periphyton in rivers. 
Regulated Rivers: Research and Management 12(257-261). 
Bothwell, M. L., 1985. Phosphorus limitation of lotic periphyton growth rates: an intersite 
comparison using continuous-flow troughs (Thompson River system, British 
Columbia). Limnology and Oceanography 30:527-542. . 
Bothwell, M. L., 1988. Growth rate responses of lotic periphytic diatoms to experimental 
phosphorus enrichment: The influence of temperature and light. Canadian Journal of 
Fisheries and Aquatic Sciences 45(2):261-270. 
Bloom stimulation and competition in D. geminata 
87 
 
Bothwell, M. L. & C. Kilroy, 2011. Phosphorus limitation of the freshwater benthic diatom 
Didymosphenia geminata determined by the frequency of dividing cells. Freshwater 
Biology 56:565-578. 
Bothwell, M. L., B. W. Taylor & C. Kilroy, 2014. The Didymo story: the role of low 
dissolved phosphorus in the formation of Didymosphenia geminata blooms. Diatom 
research. 
Cao, X., C. Song & Y. Zhou, 2010. Limitations of using extracellular alkaline phosphatase 
activities as a general indicator for describing P deficiency of phytoplankton in 
Chinese shallow lakes. Journal of Applied Phycology 22:33-41. 
Cullis, J. D. S., C. Gillis, M. L. Bothwell & C. Kilroy, 2012. A conceptual model for the 
blooming behavior and persistence of the benthic mat-forming diatom Didymosphenia 
geminata in oligotrophic streams. Journal of Geophysical Research 117. 
Ellwood, N. T. W. & B. A. Whitton, 2007. Importance of organic phosphate hydrolyzed in 
stalks of the lotic diatom Didymosphenia geminata and the possible impact of 
atmospheric and climatic changes. Hydrobiologia 592:121-133. 
Filstrup, C. T., S. K. Oliver, E. H. Stanley, C. A. Stow, T. Wagner, K. E. Webster & J. A. 
Downing, 2014. Subsidy-stress effects of nitrogen on phytoplankton biomass. 
Proceedings of the Joint Aquatic Sciences Meeting, Society for Freshwater Science, 
Phycological Society of America, Association for the Sciences of Limnology and 
Oceanography, Society of Wetland Scientists. 
Flinders, C. A. & D. D. Hart, 2009. Effects of pulsed flows on nuisance periphyton growths 
in rivers: a mesocosm study. River Research and Applications 25(10):1320-1330. 
Floder, S. & C. Kilroy, 2009. Didymosphenia geminata (Protista, Bacillariophyceae) 
invasion, resistance of native periphyton communities, and implications for dispersal 
and management. Biodiversity and Conservaton 18:3809-3824. 
Francoeur, S. & B. F. Biggs, 2006. Short-term Effects of Elevated Velocity and Sediment 
Abrasion on Benthic Algal Communities. Hydrobiologia 561(1):59-69. 
Francoeur, S. N., 2001. Meta-analysis of lotic nutrient amendment experiments: detecting and 
quantifying subtle responses. Journal of the North American Benthological Society 
20(3):358-368. 
Funk, J. L. & P. M. Vitousek, 2007. Resource-use efficiency and plant invasion in low-
resource systems. Nature 446(7139):1079-81. 
Gause, G. F., 1930. Studies on the Ecology of the Orthoptera. Ecology 11(2):307-325. 
Bloom stimulation and competition in D. geminata 
88 
 
Godillot, R., Caussade, B., Ameziane, T., Capblancq, J., 2001. Interplay between turbulence 
and periphyton in rough open-channel flow. Journal of Hydraulic Research 39:227-
239. 
Greenslade, P. J. M., 1983. Adversity Selection and the Habitat Templet. The American 
Naturalist 122(3):352-365. 
Grime, J. P., 1974. Vegetation classification by reference to strategies. Nature 250:26-31. 
Hart, D. D., B. J. F. Biggs, V. I. Nikora & C. A. Flinders, 2013. Flow effects on periphyton 
patches and their ecological consequences in a New Zealand river. Freshwater 
Biology 58(8):1588-1602. 
Hart, D. D. & C. M. Finelli, 1999. Physical-Biological Coupling in Streams: The Pervasive 
Effects of Flow on Benthic Organisms. Annual Reviews in Ecology and Systematics 
30:363-395. 
Heberling, J. M. & J. D. Fridley, 2013. Resource-use strategies of native and invasive plants 
in Eastern North American forests. New Phytologist 200(2):523-533. 
Hernández, I., F. X. Niell & B. A. Whitton, 2002. Phosphatase activity of benthic marine 
algae. An overview. Journal of Applied Phycology 14:475-487. 
Horner, R. R. & E. B. Welch, 1981. Stream periphyton development in relation to current 
velocity and nutrients. Canadian Journal of Fisheries and Aquatic Sciences 38:449–
457. 
Horner, R. R., E. B. Welch & J. Seeley, J.M., 1990. Responses of periphyton to changes in 
current velocity, suspended sediment and phosphorus concentration. Freshwater 
Biology 24:215-232. 
Hubbell, S. P., 1997. A unified theory of biogeography and relative species abundance and its 
application to tropical rain forests and coral reefs. Coral Reefs 16(1):S9-S21. 
Huston, M., 1979. A general hypothesis of species diversity. The American Naturalist 
113:81-101. 
Hutchinson, G. E., 1959. Homage to Santa Rosalia or Why Are There So Many Kinds of 
Animals? The American Naturalist 93(870):145-159. 
Jokiel, P. L. & J. I. Morrissey, 1993. Water motion on coral reefs - evaluation of the clod card 
technique. Marine Ecology Progress Series 93(1-2):175-181. 
Jones, J. I., J. W. Eaton & K. Hardwick, 2000. The influence of periphyton on boundary layer 
conditions: A pH microelectrode investigation. Aquatic Botany 67:191-206. 
Bloom stimulation and competition in D. geminata 
89 
 
Kawecka, B., 1965. Communities of benthic algae in the River Białka and its Tatra tributaries 
the Rybi Potok and Rostoka. Komitet Zagosp Ziem Goŕskich PAN, 13:113-129. 
Kawecka, B. & J. Sanecki, 2003. Didymosphenia geminata in running waters of southern 
Poland - symptoms of change in water quality? Hydrobiologia 495(1-3):193-201. 
Kilroy, C., B. J. F. Biggs, N. Blair, P. Lambert, B. Jarvie, K. Dey, K. Robinson & D. Smale, 
2006. Ecological studies on Didymosphenia geminata. NIWA Client Report: 
CHC2005-123 September 2005. 
Kilroy, C. & M. L. Bothwell, 2011. Environmental control of stalk length in the bloom-
forming, freshwater benthic diatom Didymosphenia geminata (Bacillariophyceae). 
Journal of Phycology 47(5):981-989. 
Kilroy, C. & M. L. Bothwell, 2014. Attachment and short-term stalk development of 
Didymosphenia geminata: effects of light, temperature and nutrients. Diatom 
Research 29: 237-248. 
Kilroy, C., T. H. Snelder & J. Sykes, 2005. Likely environments in which the non-indigenous 
freshwater diatom, Didymosphenia geminata, can survive, in New Zealand NIWA 
Client Report: CHC2005-043, September 2005. 
Kirkwood, A. E., L. J. Jackson & E. McCauley, 2009. Are dams hotspots for Didymosphenia 
geminata blooms? Freshwater Biology 54(9):1856-1863. 
Kirkwood, A. E., T. Shea, L. Jackson & E. McCcauley, 2007. Didymosphenia geminata in 
two Alberta headwater rivers: an emerging invasive species that challenges 
conventional views on algal bloom development. Canadian Journal of Fisheries and 
Aquatic Sciences 64(12):1703-1709. 
Larned, S. T., D. Arscott, N. Blair, W. Jarvie, D. Jellyman, K. Lister, M. Schallenberg, S. 
Sutherland, K. Vopel & R. Wilcock, 2007. Ecological studies of Didymosphenia 
geminata in New Zealand, 2006-2007. NIWA Client Report: CHC2007-070 For MAF 
Biosecurity New Zealand 120p. 
Larned, S. T., V. I. Nikora & B. J. F. Biggs, 2004. Mass-transfer–limited nitrogen and 
phosphorus uptake by stream periphyton: A conceptual model and experimental 
evidence. Limnology and Oceanography 46(6):1992-2000. 
Larned, S. T., A. I. Packman, D. R. Plew & K. Vopel, 2011. Interactions between the mat-
forming alga Didymosphenia geminata and its hydrodynamic environment. 
Limnology and Oceanography 1:4-22. 
Bloom stimulation and competition in D. geminata 
90 
 
Larned, S. T. & J. Stimson, 1996. Nitrogen-limited growth in the coral reef chlorophyte 
Dictyosphaeria cavernosa, and the effect of exposure to sediment-derived nitrogen on 
growth. Marine Ecology Progress Series 145(1-3):95-108. 
Lessard, J., Hicks, M., Snelder, T., Arscott, D., Larned, S., Booker, D. & A. Suren, 2013. 
Dam Design can Impede Adaptive Management of Environmental Flows: A Case 
Study from the Opuha Dam, New Zealand. Environmental Management 51(2):459-
473. 
Lindstrøm, E. A. & O. Skulberg, 2008. Didymosphenia geminata - a native diatom species of 
Norwgian rivers coexisting with the Atlantic salmon. In Bothwell, M L and Spaulding 
S A (Eds), Proceedings of the 2007 International Workshop on Didymosphenia 
geminata Canadian Technical Report on Fisheries and Aquatic Sciences 2795: 35-40. 
Lock, M. A. & P. Johns, 1979. The effect of flow patterns on uptake and phosphorus by river 
periphyton. Limnology and Oceanography 24:379-383. 
Løvstad, O., 2008. A phosphorus-based biological classification system and threshold 
indicators. Verhandlung Internationale Vereinigung Limnologie 30:565–568. 
Macarthur, R. & R. Levins, 1967. The limiting similarity, convergence, and divergence of 
coexisting species. The American Naturalist 101(921):377-385. 
McIntire, C. D., 1966. Some effects of current velocity on periphyton communities in 
laboratory streams. Hydrobiologia 27(3-4):559-570. 
Miller, M. P., D. M. McKnight, J. D. Cullis, A. Greene, K. Vietti & D. Liptzin, 2009. Factors 
controlling streambed coverage of Didymosphenia geminata in two regulated streams 
in the Colorado Front Range. Hydrobiologia 630(1):207-218. 
Parker, I. M., D. Simberloff, W. M. Lonsdale, K. Goodell, M. Wonham, P. M. Kareiva, M. H. 
Williamson, B. Von Holle, P. B. Moyle, J. E. Byers & L. Goldwasser, 1999. Impact: 
toward a framework for understanding the ecological effects of invaders. Biological 
Invasions 1:3-19. 
Pinheiro, J. & D. Bates, 2014. Package 'nlme'. Linear and Nonlinear Mixed Effects Models 
R-core@R-projectorg. 
Poff, N. L., N. J. Voelz, J. V. Ward & R. E. Lee, 1990. Algal colonization under four 
experimentally-controlled current regimes in high mountain streams. Journal of the 
North American Benthological Society 9(4):303-318. 
Bloom stimulation and competition in D. geminata 
91 
 
Pringle, C. M., 1987. Effects of water and substratum nutrient supplies on lotic periphyton 
growth: An integrated bioassay. Canadian Journal of Fisheries and Aquatic Sciences 
44:619-629. 
R Core Development Team, 2010. R: a language and environment for statistical computing. 
R Foundation for Statistical Computing, Vienna, Austria. http://www.R-project.org/. 
Reid, B. & R. Torres, 2014. Didymosphenia geminata invasion in South America: Ecosystem 
impacts and potential biogeochemical state change in Patagonian rivers. Acta 
Oecologica 54(0):101-109. 
Rice, E. L., 1979. Allelopathy: An update. Botanical Review 45(1):15-109. 
Rosemond, A. D., 1993. Interactions among irradiance, nutrients, and herbivores constrain a 
stream algal community. Oecologia 94:585-594. 
Rost, A. L., C. H. Fritsen, J. Memmott, C. Davis & E. Wirthlin, 2008. Environmental 
controls and potential food web impacts of Didymosphenia geminata, a comparative 
ecosystem study. In Bothwell, M. L. & S. A. Spaulding (eds), Proceedings of the 
2007 International Workshop on Didymosphenia geminata. Canadian Technical 
Report on Fisheries and Aquatic Sciences 2795: 41–44. . 
Ruesink, J. L., I. M. Parker, M. J. Groom & P. M. Kareiva, 1995. Reducing the risks of 
nonindigenous species introductions: guilty until proven innocent. Bioscience 45:465-
477. 
Smith, V. H., G. D. Tilman & J. C. Nekola, 1999. Eutrophication: impacts of excess nutrient 
inputs on freshwater, marine, and terrestrial ecosystems. Environmental pollution 
100(1):179-196. 
Steinman, A. D., 1987. Effects of current velocity, irradiance and herbivory on algal 
assemblages in laboratory streams. Ph.D., Oregon State University. 
Stevenson, R. J., 1997. Resource thresholds and stream ecosystem sustainability. Journal of 
the North American Benthological Society 16(2):410-424. 
Sutherland, S., M. Rodway, C. Kilroy, B. Jarvie & G. Hughes, 2007. The survival of 
Didymosphenia geminata in three rivers and associated spring-fed tributaries in the 
South Island of New Zealand. Prepared for MAF Biosecurity New Zealand. 
Thompson, T. L. & E. P. Glenn, 1994. Plaster standards to measure water motion. Limnology 
and Oceanography 39(7):1768-1779. 
Tilman, D., S. S. Kilham & P. Kilham, 1982. Phytoplankton community ecology: The role of 
limiting nutrients. Annual Reviews in Ecology and Systematics 13, 49-372. 
Bloom stimulation and competition in D. geminata 
92 
 
Townsend, C. R., M. R. Scarsbrook & S. Doledic, 1997. The intermediate disturbance 
hypothesis, refugia, and biodiversity in streams. Limnology and Oceanography 
42(5):938-949. 
Tüney, I., D. Unal & A. Sukatar, 2010. High nitrate supply induces chlorophyll degradation 
Chlorella sp. Rapp Comm int Mer Médit 39:408. 
Uehlinger, H., H. Bührer & P. Reichert, 1996. Periphyton dynamics in a flood prone 
prealpine river: evaluation of significant processes by modelling. Freshwater Biology 
36:249–263. 
Wellnitz, T. & N. Leroy Poff, 2006. Herbivory, current velocity and algal regrowth: how 
does periphyton grow when the grazers have gone? Freshwater Biology 51(11):2114-
2123. 
Whitford, L. A. & G. J. Schumacher, 1961. Effect of current on mineral uptake and 
respiration by a freshwater alga. Limnology and Oceanography 6 423-425. 
Whitton, B. A., N. T. W. Ellwood & B. Kawecka, 2009. Biology of the freshwater diatom 
Didymosphenia: a review. Hydrobiologia 630(1):1-37. 
 
 
 
Adaptation to oligotrophy 
93 
 
Chapter 4. Adaptation to oligotrophy: Evidence for phosphatase based phosphorus 
acquisition in a freshwater invasive oligotroph Didymosphenia geminata. 
 
Jonathan Bray*1 
Jon S. Harding1 
Jon O'Brien2 
 
1School of Biological Sciences, University of Canterbury, Christchurch, NZ. 
2Department of Biology, Canisus College, Buffalo, NY, USA 
*Corresponding author 
 
Keywords: Phosphatase, nutrient cycling, algae, Didymosphenia geminata, periphyton, 
phosphorus, acquisition. 
 
4.1. Abstract 
Didymosphenia geminata is a freshwater invasive diatom that inhabits oligotrophic, 
fast flowing freshwater environments, and paradoxically increases biomass in response to 
phosphorus limitation. We examined the blooms and the stalks of D. geminata to assess the 
adaptive and ecological value of this anomalous trait. Didymosphenia geminata mats may be 
adaptive because altered mat hydraulics enhance mass transfer processes, reduce detachment 
risk and stabilise substrates. Stalks may also enhance light access, nutrient cycling and 
phosphorus acquisition through production of phosphatase enzymes. A small scale survey of 
12 sites confirmed the presence of phosphatase in D. geminata. Didymosphenia geminata 
mats had significantly greater phosphatase activity (ANOVA, P<0.05) than reference 
assemblages under similar nutrient loads (ANOVA, NS). Large pools of organic NO3 (mean 
4124 µgL
-1
) and PO4 (mean 623.2 µgL
-1
) were observed within mats, providing an available 
pool for acquisition within mats. With microassays and colorimetric staining we showed that 
phosphatase may be repressible, and is capable of hydrolysing <0.5 mmols cm
-1
hr
-1
 
organophosphates, with greatest activity within stalk material. Our results support the 
hypothesis that bloom development facilitates heterotrophic bacterial nutrient cycling and 
efficient phosphorus acquisition through phosphatase hydrolysis, thus increasing D. geminata 
fitness within oligotrophic ecosystems. Further experiments that explore this mechanism are 
warranted. 
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4.2. Introduction 
Didymosphenia geminata (Lyngbye) M. Schmidt. (Bacillariophyceae) is an invasive 
diatom that is of particular concern due to its ability to form unprecedented blooms which 
dominate beds in oligotrophic habitats. These blooms have resultant negative economic, 
ecological and social impacts effects (Whitton et al. 2009). Didymosphenia geminata is a 
stalked gomphonemoid diatom, and most common in boreal oligotrophic, cool water 
mountain streams. 
Didymosphenia geminata proliferations are unlike other freshwater algae because 
excessive biomass is paradoxically stimulated by nutrient limitation, occuring almost 
exclusively within oligotrophic habitats (Kirkwood et al. 2007; Kilroy and Bothwell 2011; 
Cullis et al. 2012). Observations that D. geminata can occur in low biomass (with little stalk 
material) as a non dominant taxa within rivers of greater nutrient status (Whitton et al. 2009; 
Beltrami et al. 2008), lead Kilroy and Bothwell (2011) to investigate the role of nutrient 
limitation as a mechanism driving biomass production. They found that biomass increases are 
due to rapid stalk production under high light, but phosphorus limiting conditions. A key 
component of this paradox is that proliferations occur through increases in stalk material 
rather than through typical periphyton biomass accrual as it relates to cell division rates 
(Bothwell and Kilroy 2011; Kilroy and Bothwell 2011; Cullis et al. 2012).  The mechanism 
that causes stalk biomass to develop in this manner during high light and nutrient limitation 
has been termed ‘Photosynthetic overflow’, a means of releasing surplus photosynthetically 
derived carbon which cannot be stored (Underwood et al. 2004, Kilroy and Bothwell 2011). 
This is a critical advancement in understanding the mechanism of biomass development, but 
may be a mechanistic explanation, and is in itself without identifying fitness gains may be 
considered adaptively neutral.  
The production of extracellular polymeric substances (EPS) has been shown in other 
algae and in D. geminata to be adaptive through stabilizing the substrate which decreases 
detachment risk (Yallop et al. 2000; de Brouwer et al. 2005; Larned et al. 2011). Stalk 
production may also confer a competitive advantage over other algal species which share the 
same substrate by providing D. geminata cells with better access to light and nutrients 
compared to species closer to the substrate (Manoylov 2009). It may also provide a 
microhabitat suitable for nutrient cycling and bacterial exchange (Goto et al. 2001; Larned et 
al. 2011; Sundareshwar et al. 2011), and hydrolysis of organic phosphorus (Ellwood and 
Whitton 2007; Aboal et al. 2012). Adaptive extracellular structures and the production of 
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phosphatase expression has been reported for bacteria and other marine and freshwater algae 
in nutrient limited conditions (Schmidt and Stanier 1966; Rengefors et al. 2001; Ireland et al. 
2002; Hernandez et al. 2002). Whilst it has been shown that stalk production is linked with 
phosphorus limitation (Kilroy and Bothwell 2012), a definitive link to phosphatase 
production, phosphorus sequestration and either stalk production or nutrient limitation has yet 
to be established (Ellwood and Whitton 2007, Whitton et al. 2009; Aboal et al. 2012). Such a 
link may provide further explanation as to whether nutrient cycling is an adaptive component 
of prolific stalk production. For example other benthic mat forming algae create 
microhabitats that trap particulate organic matter, enabling internal nutrient cycling 
(Mulholland et al. 1991; 1994; Peterson and Grimm 1992; Tyler et al. 2003; Larned et al. 
2004). This has been suggested to occur in D. geminata as well (Aboal et al. 2009; Larned et 
al. 2011; Sundareshwar et al. 2011). Internal mat cycling allows for the most efficient use of 
phosphorus and nitrogen, therefore offering reduce reliance on mass transfer under limiting 
conditions. This may provide an ultimate explanation for biomass development within 
oligotrophic habitats (Ellwood and Whitton 2007; Aboal et al. 2009; Sundareshwar et al. 
2011). 
We assessed alkaline phosphatase production in D. geminata to investigate the 
adaptive value of bloom formation in an oligotrophic habitat. Breakdown of inorganic 
phosphorus from organic forms was compared between D. geminata mats and native 
periphyton. We also examined pools of available and bound phosphorus within oligotrophic 
environments, with particular attention to D. geminata mats. Further examining rates of 
phosphatase reaction, whether phosphatase activity was repressible through addition of the 
product, and further searched for the location of phosphatase activity (see Ellwood and 
Whitton 2007).  
 
4.3. Methods 
A survey was conducted of 15 sites within the lower Waitaki region of the South 
Island (Table 1). Sites were selected to include a range of D. geminata biomass as well as 
reference sites, or those free from D. geminata. High biomass sites had periphyton dominated 
by D. geminata and had AFDM values over 50 g.m
-2
. Low biomass sites had D. geminata 
present within the periphyton, and at Reference sites D. geminata was not detected. Positive 
sites were dominated by D. geminata and particularly by stalk counts. Two benthic algal 
samples were collected at each site, one sample for phosphatase analysis and one composite 
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benthic periphyton sample for determining algal community composition. The single 
phosphatase algal sample collected at each site, which was cored from 7.06 cm
2
 of an intact 
D. geminata mat, whilst for reference communities without an intact periphyton mat to 
sample, the same area was circumscribed onto a cobble and sampled using a blade and then 
brush to scrape the surface. Composite samples were comprised of ten replicates 70.6 cm
2
 
samples were collected in the same way for the survey component only. Individual replicates 
were used for the microcosm. Phosphatase algal samples were stored chilled in the field until 
analysis, which was transported to the laboratory for analysis within 24 hours. In the 
laboratory, community composition samples were homogenised for 30 seconds using a hand 
blender, with an aliquot taken for analysis of taxonomic composition preserved with Lugol's 
iodine, with the remainder stored frozen for biomass chlorophyll a and ash free dry mass 
(AFDM) biomass analysis (Biggs and Kilroy 2000).  
Filtered (Whatman 54 mm GF-C) and unfiltered water samples (200 ml) were 
collected from the water column, while an unfiltered water sample was also collected from 
within the periphyton matrix. Mat water samples were obtained by using a syringe to extract 
water from interstitial spaces within D. geminata mats, or in the case of reference 
communities to sample water at the periphyton mat-water interface. Total phosphorus and 
organic phosphorus were determined for mat water extractions only using a Persulfate 
digestion (Wetzel and Likens 2000). Nitrogen (nitrate), Phosphorus (phosphate, organic 
phosphorus and total phosphorus) were analysed with an EasyChem Plus, an automatic 
sequential colorimetric auto analyser for water (www.systea.it). Stream water pH and specific 
conductivity were measured using a YSI 63 field meter (Environmental Incorporated, Ohio, 
USA). 
Aliquots from frozen composite algal samples were taken for AFDM and Chlorophyll 
a. AFDM was calculated following methods in Biggs and Kilroy (2000). Subsamples for 
Chlorophyll a were immersed with ethanol in a 78˚C water bath for five minutes, followed by 
refrigeration for 12 hours to ensure complete extraction before analysis (Biggs and Kilroy 
2000). Chlorophyll a was analysed on Shimadzu UV 1601 Recording Spectrophotometer.  
Algae were identified at 1000x magnification using a bright-field microscope 
(Olympus BX50). Relative abundance of each taxonomic unit was assessed by counting a 
total of ~200 algal units from preparations of homogenized material preserved in Lugol’s 
iodine. Biovolumes were calculated using equations in Hillebrand et al. (1999) and 
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measurements from unpublished data or those obtained from USGS datasets 
(http://diatom.ansp.org/nawqa/biovol2001.aspx). 
Analysis of alkaline phosphatase within the survey resulted in an end point, whilst the 
microcosm experiment was conducted as a time series. Survey samples were incubated in 
falcon tubes in 45 mL filtered stream water for 30 minutes in 3 mM 4-Nitrophenyl phosphate 
disodium salt hexahydrate (pNPP-Sigma). A stock solution of pNPP was made and pipetted 
into samples to create a final concentration of 3mM to ensure repeatability and minimise 
error. This allowed strong visual detection of the colorimetric product, whereby the reaction 
was stopped by raising the pH above 10 though addition of 0.5 ml 1M NaOH. The sample 
was then filtered and absorbance of the filtrate was read at 410 nm using a Spectrophotometer 
to determine hydrolysis of NPP. Total APA was calculated as mmoles of pNPP hydrolysed 
per aliquot normalised per cm
-2 
substrate sampled, following the equation (from Steinman 
and Mulholland 2006): 
 
pNPP mmols.cm
2
 = (Abssample - Absblank) x 58 x Volume (l) / 7.06 cm
2
 
 
A micocosm experiment was further conducted by collection of live D. geminata 
material from the Upper Hurunui, Canterbury. Replicate cored samples (7.06 cm
2
) were 
collected from cobbles within the main stem of the river by, gently washed in river water and 
stored within 50 mL Falcon tubes. The four treatments were D. geminata with filtered river 
water, phosphate + D. geminata which had NaPO4 added to bring PO4 to 300 ugL
-1
 with 
filtered river water, filtered river water, and distilled water, with four replicates of each. Stock 
solution of pNPP was pipetted into samples to create a final concentration of 3 mM. 
Treatments were incubated with a lighted incubator at 14˚C for ~24 hours prior to analysis. 
Aliquots of these samples were then filtered and absorbance of the filtrate was read at 410 nm 
using a Spectrophotometer. Relative chlorophyll a-APA was calculated as the amount of NPP 
hydrolyzed per cm of substrate. This analysis was conducted as a time series to increase 
observational power of this experiment, where a subtle response was expected.  
Within the microcosm experiment a number of hypotheses could be examined by 
observing rates of pNPP hydrolysis, with comparisons between treatments. Distilled water 
acts as a control examining stability of the substrate. Examining rates in filtered stream water 
allows examination of the activity of phosphatase as an ecto or exoenzyme, and to what 
degree this was the case. Examination of rates within D. geminata mats further examines 
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whether APA is associated with D. geminata mats specifically. Examination of rates in mats 
subjected to inorganic PO4 examines the possibility that APA activity in D. geminata is 
repressible (although we discuss product inhibition) over short (>2 day) time scales. 
Phosphomonoesterase staining was then used to identify areas of greatest phosphatase 
activity. Within D. geminata mat subsections BCIP-NBT was used to produce a blue/purple 
colorimetric product at the site of enzyme reaction, allowing qualitative examination of this 
activity (5-Bromo-4-chloro-3-indolyl phosphate-Nitro blue tetrazolium, B6169 and N6639 
Sigma Aldrich, http://www.sigmaaldrich.com/). A total of three replicate samples were taken 
by coring healthy D. geminata mats from different cobbles within the main stem of the 
Hurunui River. Samples were carefully washed in stream water to remove any detrital and or 
bacterial matter. Mat subsections were added to the BCIP-NBT reagent solution which 
consisted of 33µl of 50 mg ml
-1
 BCIP mixed with 10 µl of 50 mg ml
-1
 BCIP added to a 10 ml 
substrate buffer stock solution 0.1 M Tris, 100 mM Sodium Chloride, and 5 mM Magnesium 
Chloride. The reaction was allowed to proceed at room temperature, and periodically checked 
using a microscope to examine staining. A slow rate of reaction was observed, but after ~2 
hours, significant staining had occurred and sodium hydroxide was then used to stop the 
reaction. Slide preparations were kept, and photographic evidence of reaction sites was taken 
using an Olympus Camedia C5060 Wide Zoom digital camera. 
 
4.3.1. Statistical analysis: 
ANOVA was used to assess differences between APA and other metrics between 
biomass categories. Where necessary square root transformations were employed to help data 
meet conditions of normality. QQ normal plots, cooks distance, and residual vs. fitted plots 
were used to assess model fit.  
Linear mixed effect models were employed for microcosm data given repeated 
measurements carried out on treatment replicates. Treatment and minutes since start were 
treated as fixed effects, while replicates were included as a random effect. Minutes was 
centred at 241 minutes so that estimated intercepts represented the situation at the conclusion 
of the experiment where greatest effects were observed.  A repeated measures design was 
chosen where we suspected subtle responses and further wished to examine the variability in 
the response through time. Mixed effects models were carried out with the function lme from 
package:nlme (Pinheiro and Bates 2014), carried out using R Studio 0.97.318, employing R-
2.15.2.  
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4.4. Results 
4.4.1. Phosphatase survey 
Algal communities were diverse across all sites, and biomass categories sampled and 
by biovolume were dominated by diatoms (Figure 1a,b). Sites containing D. geminata varied 
from ~1% of cells in Birchwood and Omarama rivers to 78%  and >99% by biovolume 
within the Waitaki. Within Positive sites the diatoms Achnanthidium minutissimum Kützing 
and Encyonema minutum (Hilse ex Rabenh.) Mann in Round, Cymbella kappii (Cholnoky) 
Cholnoky were common. Reference sites had similar taxonomic diversity and included many 
of the same diatom taxa but also had greater numbers of Chlorophytes including  
Oedogonium sp., Rhodophytes including Audouinella hermannii (Roth) Duby, and 
Cyanophytes which included Lyngbya sp.  
Alkaline phosphatase activity (APA) was greatest within D. geminata dominated 
communities, both as relative rates or when standardised by substrate area (ANOVA, F 
=6.621,13,  P<0.05; Figure 2a). Incrementally greater APA activity occurred between sites 
with high and low biomass sites (ANOVA, F = 5.612,12,  P<0.05; Figure 2b). These 
relationships reversed when positive and reference sites were compared with APA 
standardised by ash free dry mass (AFDM), in which case reference sites had higher APA 
(ANOVA, F = 6.4842,12,  P<0.05). However, they were not significant when standardised by 
Chlorophyll a 
 
(ANOVA, F = 0.1122,12,  P=NS). These results are consistent because biomass 
categories had similar Chlorophyll a content (ANOVA, F = 0.582,12,  P=NS), while high 
biomass sites had higher AFDM (ANOVA, F = 6.642,12,  P<0.05). AFDM rates also 
highlighted Omarama river as an outlier this site has a periphyton dominated by the 
gomphonemoid diatom Gomphoneis minuta (Stone). While this site had D. geminata present, 
D. geminata cells were not abundant, comprising ~1% of cell counts and less than 15%  
relative biovolume inclusive. Moreover, this site had little stalk material observed within 
counts, so likely contributed less to APA (see BCIP-NBT results).  
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Figure 1. Periphyton community composition by biovolume within a) reference sites and positive sites and b) 
individual sites grouped by biomass categories. Didymosphenia geminata is excluded from Bacillariophyta, with 
cell and stalk biovolumes included individually. 
 
 
 
 
 
Figure 2 a) Alkaline phosphatase activity compared between reference and Didymosphenia geminata positive 
sites (ANOVA, F = 6.622,12, P<0.05), and b) Reference sites, sites with Low D. geminata biomass and high 
biomass sites and High biomass sites (> 50g.m
-2
 AFDM by biovolume, with periphyton dominated by D. 
geminata; (ANOVA, F = 5.612,12, P<0.05).  
 
 
 
 
 
Adaptation to oligotrophy 
101 
 
 
Table 1. Water chemistry variables from the three stream types identified based on D. geminata biomass and 
presence. Values in brackets show the number of  sites and  means ± standard errors are shown for each nutrient, 
F and P values from one-way ANOVA tests. 
†
A single site (Waitaki Lower) was identified using Cooks 
distance as an outlier and was removed from this analysis. 
Water chemistry High (7) Low (3) Reference (5) F P 
NO3 µg L
-1
 57.0±50.8 136.1±62.2 85.5±46.3 3.132,11
† 
<0.01 
PO4 µg L
-1
 1.4±0.9 1.8±.7 4.3±3.1 0.702,12
 
NS 
pH 7.49±0.1 7.71±0.2 7.21±0.2 1.972,12 NS 
Specific conductivity µS25 cm
-1 
53.2±8.5 40.7±24.1 90.9±10.5 4.182,12 <0.05 
Mat NO3 µg L
-1 
24.8±17.4 22.1±13.5 33.4±10.0 2.462,12 NS 
Mat NO3 µg L
-1
 (post digestion) 4124.3±1128.1 3011.3±105.5 3577.8±194.9 0.302,12 NS 
Mat PO4 µg L
-1
 623.2±198.1 536.39±201.3 209.39±78.3 1.162,12 NS 
Mat OP µg L
-1
 73±79.5 25.2±37.0 15.3±8.1 0.962,12 NS 
Mat TP µg L
-1
 696.2±265.4 561.6±230.9 224.6±75.9 1.542,12 NS 
 
 
 
Figure 3. a) Alkaline phosphatase activity through time across treatments (grey bars indicate 95% confidence 
intervals of fixed effects), b) D. geminata alkaline phosphatase activity from final reading (hour 4) (ANOVA, F 
value=139.2,  df =1,  P<0.001). 
 
Water chemistry from the 15 sites showed lower nutrient concentrations with 
increasing D. geminata biomass and proportionally greater phosphatase activity than 
reference communities. Both NO3 (Table 1: ANOVA, F=3.132,11, P<0.01) and PO4 were 
observed to decrease with increasing D. geminata biomass, although no significant difference 
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was noted between categories and PO4 (ANOVA, NS). Specific conductivity also decreased 
with increasing D. geminata biomass (Table 1; ANOVA, F=4.182,11, P<0.05). Organic 
phosphorus (fine particulate and dissolved) also increased with increasing D. geminata 
biomass although results were not significant, while it is likely that little observable 
difference between mat PO4 and TP concentration are likely indicative of phosphatase related 
hydrolysis. Based on results here is appears that phosphatase hydrolysis likely acted on all 
samples, altering nutrient fractions and observed values within these tests. This was 
particularly likely where unfiltered samples were drawn directly from mat interstices, were 
not filtered, and were kept refrigerated but not frozen for a period >1month before analysis. 
 
4.4.2. Didymosphenia geminata microassay 
Live D. geminata incubated with filtered river water showed the fastest rates of pNPP 
hydrolysis (interaction term F12,156=21.11, P<0.0001; Figure 3a) and was observed to be 
faster than D. geminata + PO4 (F12,156= 12.47, P<0.0001), filtered river water (F12,156= -16.84, 
P<0.0001) and distilled water treatments (F12,156= -18.85, P<0.0001). The only treatments 
showing no significant difference were filtered river water and distilled water treatments 
(F12,156= 2.0, P<0.1). The distilled water treatment increased as the experiment progressed, 
suggesting slight substrate instability. Examination of the slope and a weakly significant 
result between river water and distilled water suggest some free phosphatase within the river 
water sample (F12,156= 2.0, P=0.01; full results and model fit in Appendix A). One-way 
ANOVA and post-hoc Tukey's HSD tests corroborate these results. These results suggests 
that little phosphatase activity was present within either the filtered river water or distilled 
water treatments. Whilst the D. geminata mat itself had significant activity, with apparent 
repression or inhibition occurring where PO4 was added (Figure 3b.; ANOVA, F 
value=139.2, df =1,  P<0.001).  
Didymosphenia geminata breakdown of organic phosphorus has been established 
here, with a tentative rates observed of ~0.5 mmols cm
-1
 hr
-1
. These rates are tentative where 
they were measured within a controlled 15˚C water bath, where enzyme rates were identified 
to be highly temperature dependent during development of microassay procedures.  
 
4.4.3. Phosphatase characterisation and location 
Colonies comprised of dense thick mats of predominantly stalk material were 
collected from the upper Hurunui River. Staining with BCIP-NBT colorimetric stain 
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identified weak staining in the basal area of the cell nearest the basal pore field and stalk. The 
area to stain strongest was the stalk (Figure 4a), with what appeared to be a weakening of the 
stain nearest to the cell in many cases (Figure 4b,c2). This weakened staining was also  often 
associated with staining within the cytoplasm, within the basal portion of the cell (Figure 
4c1). Weak effects were noted where areas of stalk junctures appeared to stain darker than 
adjacent stalk material. As staining progressed, these differences between areas of the stalk 
material became less distinct, with the entire length of stalk stained purple. With prolonged 
exposure to the stain the entire mat stained a deep purple with the majority of stain almost 
exclusively localised in the stalk material. Internal stalk tubules were apparent in many cells, 
particularly when cells were lying in girdle view. In this view a structure appears to attach an 
internal stalk tubule to the cell, accompanied by a weakening of the width of the basal portion 
of the frustule at the pore field (Figure 4 b1,b2). Staining appeared localised on the exterior of 
stalks evident given the cylindrical nature of the stalk material, where the outer periphery of 
the cylindrical stalks was the darkest stained (Figure 4a). A number of other cells were also 
coloured by BCIP-NBT, however it also appeared that these cells were the exceptions and in 
many instances damaged, so it appeared likely that this staining was occurring in the 
cytoplasm, rather than as an ectoenzyme as appeared to be the case with D. geminata stalk 
material. 
 
 
 
Figure 4.a-c. Alkaline phosphatase activity as detected by staining with BCIP-NBT. a) Unstained D. geminata 
cells with contrasting darkly stained stalk material indicate areas of greatest phosphatase activity. b) D. 
geminata cell in girdle view showing internal stalk tubule (b1), with apparent frustule thinning  (b2). c) Valve 
view with partially stained cytoplasm (c1), with apparent weakening of stain within apical stalk material (c2) 
potentially indicating cellular uptake. 
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4.5. Discussion 
4.5.1. Nutrient cycling and phosphorus sequestration 
Phosphorus is critical to all life, it is a key component of phospholipids, DNA, and 
other important solutes such as ATP. When phosphorus is limiting in algae, it restricts growth 
and can cause major changes to cellular physiology and cell death (Grillo and Gibson 1979; 
Block and Grossman 1987; Brussaard and Riegman 1998). Phosphate is considered a major 
limiting nutrient in periphyton assemblages, although co-limitation often occurs (Tilman et 
al. 1982; Bothwell 1985; Pringle 1987; Biggs and Close 1989; Francoeur 2001; Tank and 
Dodds 2003). Didymosphenia geminata has been shown to be P limited in several studies, 
and nutrient limitation may be expected given a largely oligotrophic habit (Larned et al. 
2007; Bothwell and Kilroy 2011). Under phosphate limitation algae may undergo marked 
physiological and biochemical changes, cells may bleach and cell division stops, the light 
harvesting phycobilisome complex and thylakoids may become degraded and chlorophyll 
levels may decline, while cyanophycin granules associated with nitrogen storage may 
accumulate, degradation of intracellular membranes occurs and cellular inclusions 
accumulate (Grillo and Gibson 1979; Healy and Hendzel 1979; Block and Grossman 1988). 
Phosphorus pools (soluble and insoluble) within the cell may also quickly decline (Grillo and 
Gibson 1979; Stevens et al. 1981; Allen, 1984). Many freshwater organisms employ systems 
to aid in phosphate acquisition however, such as upregulating alkaline phosphatases 
measured as activity (Doonan and Jensen 1977; Grillo and Gibson 1979; Healy and Hendzel 
1979; Block and Grossman 1988; Chrost and Siuda 2002; Cao et al. 2010). In algae and 
bacteria the production of phosphatases is a well documented response to phosphorus 
limitation, has been related to external orthophosphate concentrations and cellular uptake 
(Ihlenfeldt and Gibson 1975; Block and Grossman 1988; Rengefors et al. 2001), and is a 
method for assessing P limitation in algal assemblages (Steinman and Mulholland 2007; c.f. 
Cao et al. 2010). APA may be a more general response to phosphorus limitation within some 
assemblages however, and may be more closely dependent on internal rather than external 
phosphorus concentrations, and may be also be linked with DOC breakdown associated with 
other enzymes utilised by heterotrophic bacteria within periphyton mats (Cao et al. 2010).   
Didymosphenia geminata has a seemingly paradoxical response to phosphorus 
limitation, it increases rates of stalk development, leading to blooms (Kilroy and Bothwell 
2011; Kilroy and Bothwell 2012). Biomass within proliferations can consist of up to 99% 
stalk material by biovolume. Proliferations dominated by stalk material may reach >300 mms 
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in depth, and are a complex mixture of detritus, macroinvertebrates, algae and stalk material 
(Gretz 2008). This unusual plastic ecophysiological trait, begets questions of why and how 
stalk production occurs under nutrient limitation.  
In a proximate sense photosynthetic overflow explains stalk production, and 
extracellular polymeric substances (EPS) production. Yet these traits may provide a variety 
of fitness advantages. For example, stalk or EPS production may be adaptive by stabilising 
sediment and substrates, decreasing detachment risk, where mats may also increase shear 
stress required for bed movement and mobilization of fines, the latter of which is critical to 
mat abrading (Yallop et al. 2000; de Brouwer et al. 2005; Larned et al. 2011). Stalk 
production may also confer a competitive advantage through providing better access to light 
and nutrients compared to species closer to the substrate surface (Manoylov 2009; Larned et 
al. 2011). Although Kilroy and Bothwell (2011) noted that stalk production as an adaptation 
to limited light, may be expected to be inversely proportional to incident PAR, not correlated 
with. Stalk material also provides a microhabitat suitable for nutrient cycling and bacterial 
exchange, slowing water velocities within mats (Goto et al. 2001; Larned et al. 2011; 
Sundareshwar et al. 2011), and may also promote habitats suitable for the hydrolysis of 
organic phosphorus through phosphatase activity (Ellwood and Whitton 2007; Aboal et al. 
2012). The ecological significance of phosphatase activity is understood in other algal 
species, and when located in the periplasmic space, allows hydrolysis of non biologically 
available organophosphates, with subsequent uptake of anionic PO4 (Doonan and Jensen 
1977; Healy and Hendzel 1979; Chróst and Siuda 2002; Steinman and Mulholland 2006; Cao 
2010). Enzymes associated with the periplasmic space allowing sequestration and uptake 
from the environment are termed ectoenzymes. Generally bacteria are regarded as the 
dominant producers of these enzymes, although phosphatases are known to be commonly 
employed by algae (Wetzel 1993a,b; Chrost and Siuda 2002; Jass et al. 2002; Cunha et al. 
2010; Young et al 2010). Bacterial biomass is also, under usual conditions, positively 
proportional to nutrient status, and thus rates associated with bacteria may be depressed 
within oligotrophic environments (Chróst and Siuda 2000).  
Rates of pNPP hydrolysis observed in this study, with comparisons between filtered 
stream water, distilled water, D. geminata mats and filtered stream water and mats incubated 
with PO4, allowed examination of a number of hypotheses. Distilled water examined the 
stability of the substrate. Examining rates in filtered stream water allows examination of the 
activity of phosphatase as an ecto or exoenzyme, and to what degree. Examination of rates 
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within D. geminata mats further examines whether APA is associated with D. geminata mats 
specifically. Examination of rates in mats subjected to inorganic PO4 examines the possibility 
that APA activity in D. geminata is repressible (although we discuss product inhibition) over 
short (>2 day) time scales. Ellwood and Whitton (2007) found that the stalks and the region 
closest to the cell had greatest phosphatase activity. They hypothesized that hydrolysed PO4 
was passed to the cell via a central stalk tube identified here, and by Aboal et al. (2012). 
Ellwood and Whitton (2007) also observed that organic phosphorus comprised ~85% of 
filterable phosphorus within their study system (Stony Gill) in an 8 month study. In contrast, 
measurements by the author (J. Bray unpublished data) have shown that within New Zealand 
lotic systems with D. geminata blooms, both organic and inorganic phosphorus is rarely 
above detection limits (4 µgL
-1
). This may suggest D. geminata has increased reliance on 
internal cycling of phosphorus and nitrogen from within the algal matrix within chronically 
limited phosphorus systems. Aboal et al. (2010) further suggested that stalk material likely 
aids D. geminata in rivers with low inorganic phosphorus, helping the organism overcome 
nutrient limitation, noting phosphatase activity occurred within the inner layers of the stalks. 
Both hydrodynamic and chemical conditions may be suited to nutrient cycling 
(Larned et al. 2011). Larned et al. (2011) found oxygen penetration depths into the blooms 
varies with mat topography, noting differences between depressions and flat areas. They 
suggested advective transport decreased across plateaus and increases within depressions at 
the mat surface. Under high light conditions oxygen peaks were associated with D. geminata 
photosynthesis, while penetration decreased with increasing water velocity. Under dark 
conditions oxygen penetration decreased and reduced oxygen concentrations below the 
photosynthetic region were suggested to be indicative of heterotrophic bacterial metabolism 
within the mat matrix.  
Strong evidence for P sorption has been provided by Sundareshwar et al. (2011), with 
high rates of phosphorus sorption within D. geminata mats irrespective of whether terminal 
cells were living. Sundareshwar et al. (2011) examined the possibility that uptake is occuring 
mediated by biogeochemical processes, where Fe in mat interstices causes sorption of P, and 
coupled with redox gradients enables greater P available to D. geminata cells. However 
recent findings of Kunza et al. (2014) show that raising concentrations of oxidised Fe
3+
 or the 
addition of aluminum both reduce cell abundance. In contrast addition of Ferrozine and P 
increased cell abundance. Ferrozine binds to reduced Fe (Fe
2+
) removing the possibility of 
reoxidation to Fe
3+
, thus stopping it from binding to P which likely increases P availability in 
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the mat (Kunza et al. 2014). Of further interest Sundareshwar et al. (2011) identified through 
poisoning cells and other assays, P sorption and acquisition from solution was associated with 
stalk material. In terms of phosphatase rates, heavy metals may also be highly inhibitory to 
their activity, which aside from binding directly to metals, may help explain reduced fitness 
with addition of Al and Fe (Durrieu et al. 2003). 
 
 
 
Figure 5. Key processes involved in Didymosphenia geminata bloom development and nutrient cycling. a) 
Water velocity controlling mass transfer processes operate above the mat, whilst low water velocities within 
provide the physicochemical conditions for mat development and nutrient cycling (solute and organic matter 
retention). b) Photosynthetic overflow process the primary mechanism involving the release of excess 
photosynthate driven by Pi deprivation and high light conditions, resulting in prolific stalk production. c) 
Phosphatase aided phosphate acquisition and nutrient cycling, a candidate process enabling biomass 
development in oligotrophic habitats. White lines denote hypothesised processes involving bioavailable P, black 
lines processes or those involving bound P. Strength of the relationship as they are hypothesised, are denoted by 
line weights.  
 
 
Wetzel (1993b) suggested that "rapid recycling of nutrient and organic carbon within 
micro-environments operates at all levels, planktonic as well as attached, and is mandatory 
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for high sustained productivity". From these results we may infer that D. geminata is able to 
regulate phosphatase expression under replete phosphorus conditions, and as the corollary 
APA increases with phosphorus limitation. This is evident with increasing activity as D. 
geminata biomass increases under similar nutrient regimes. Regulation of phosphatase 
activity may occur in two ways, through the plastic response of stalk production where 
phosphatase activity is localised here (constitutive) but may also be repressible as above. 
However, from our results we note product inhibition may occur. However, regardless of 
modes of expression and repression D. geminata has been shown to quickly hydrolyse 
organic phosphorus, and while river water contains some phosphatase, the reaction primarily 
occurs directly associated with stalk material. We suggest that nutrient cycling and 
phosphatase mediated phosphorus acquisition is critical to the development of biomass and 
the competitive dominance of this organism, allowing partial decoupling and reduced reliance 
on mass transfer processes. 
Observations from preliminary enzyme micoassays (J. Bray unpublished data) suggest 
that rates of phosphatase activity are strongly temperature dependent, and were thus 
controlled during experimentation here ensuring stable rates of reaction. Within river systems 
however, temperature is thought to be a minor determinant of enzyme activity within 
biofilms, fine sediments and surface waters (Jones and Lock 1993; Romani and Sabater, 
2001), yet lower temperatures are known to reduce the affinity of enzyme systems (Cunha et 
al. 2010). Thus coupled with light and increased temperatures may help explain rapid 
biomass accumulation during summer when waters temperatures are warmer, and may further 
help explain rapid accumulation in summer below lakes and dams. Aside from stability, lakes 
may offer seasonal trends in downstream nutrients, with lower available inorganic and greater 
concentrations of bound nutrients leaving lakes (Tarapchak and Moll 1990; Wetzel 2001a). 
Accounts of the structure of the stalk material detail that it is comprised primarily of sulfated 
polysaccharides (xylogalactan), with significant uronic acid content and protein. The latter, 
the only portion likely containing phosphorus, therefore stalk production may proceed with 
fewer P requirements (Gretz et al. 2006; Gretz et al. 2008; pers. com. M. Gretz). Given that 
optima for pH, temperature, half-saturation constants, substrate specificity and susceptibility 
to the presence of activator and inhibitors has not been documented, we have preferred to use 
'phosphatase activity' as the general term here where the specific characteristics of this 
ectoenzyme have not been examined. We further realise that observed differences between 
microcosm D. geminata and D. geminata + P treatments, may be due to 
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repression/derepression, and or inhibition (product inhibition). However, where phosphatase 
activity appears localised within stalk material and stalk production is controlled by 
phosphorus, regardless of whether enzyme expression is constitutive we note that expression 
is plastic regardless. This is significant where whilst we note decreased phosphatase activity 
in this study, also noted in other algal assemblages (Hernandez et al. 1993; Young et al. 
2010); we also note these results are explicable through product inhibition. We also observe 
that there was significant hydrolysis within the D. geminata mat despite treatment with PO4. 
Constitutive phosphatase expression may be adaptive to growth under chronic P limitation, 
whilst repression in P replete conditions may provide immediate benefits allowing resources 
to be diverted elsewhere. Where phosphatase is associated in D. geminata with the stalk, it is 
controlled by P concentrations through stalk production, supported by differences in high and 
low D. geminata biomass sites here. 
Heterotrophic bacterial nutrient cycling is a key mechanism facilitating the 
breakdown of larger carbon compounds such as DOC which is both recalcitrant and abundant 
in many rivers (Chróst and Siuda 2000; Hicks et al. 2004; Gerull et al. 2011). Heteroptrophic 
bacteria are known to employ phosphatases, whilst may further use the organic by products 
of hydrolysis as a carbon source (Cao et al. 2010). Heterotrophic bacteria may also fix 
nitrogen, and use nitrogen, and liberate N through breakdown processes within D. geminata 
mats  The high biovolumes of epiphytic algae common within D. geminata mats (J. Bray 
unpublished data), may also prime cycling within mats through secretion of EPS, utilisable 
by heterotrophic bacteria (Chróst and Siuda 2000; Cao et al. 2010; Frossard 2011). 
Didymosphenia geminata stalk material however appears immune to degradation (Gretz 
2006). Testing mat interstices for available and bound nutrients through digestion of water 
taken from interstitial spaces, further shows that phosphate and nitrate were at significantly 
higher concentrations than overlying water. Organic phosphorus was also in greater 
concentrations with mat matrices and was comprised of soluble forms and larger detrital 
debris material (Gretz 2006; Kirkwood et al. 2007; Aboal et al. 2012). We have no 
quantitative data on microbial dissolved organic matter degradation (Wetzel 1993a) or rates 
of mass transfer (Larned et al. 2011). However we theorise based on findings here and the 
works of others, that internal mat cycling from heterotrophic bacteria and nutrient 
sequestering enzymes particularly for phosphorus, collectively contribute to bioavailable P. 
Further suggesting that this enables reduced reliance on flow related mass transfer processes 
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in oligotrophic habitats (Figure 5). This may be considered an extension of an existing 
resource acquisition strategy among algae (Wetzel 1993a). 
Novel or quantitative differences in traits associated with resource use efficiency or 
rates of acquisition, are known to be adaptive strategies of invaders of nutrient poor systems 
(Funk and Vitousek 2007; Leishman et al., 2010; Heberling and Fridley 2013; Ordonez & 
Olff, 2013). The importance of P acquisition may be apparent where concentrations that limit 
per capita growth rates in algae, may be 30 times higher when biomass is high rather than 
when biomass is low (Bothwell 1989). Nutrient limitation is however dependant on many 
variables, the organism in question, biomass, light, and biotic interactions (Tilman et al. 
1982; Bothwell and Kilroy 2011). We suggest that a number of pieces of evidence suggest 
biomass through stalk production is adaptive within oligotrophic habitats enabling 
quantitative gains in P acquisition. These include rates of Po use, the concentration of activity 
within stalks, apparent regulation through both repressible and constitutive (stalk production) 
means, and differences between D. geminata and reference sites under similar nutrient 
regimes. 
Bothwell and Kilroy (2011) suggest observable differences in FDC were not 
significantly different between colonies associated with blooms and those not. This may 
provide an inconsistency to the theory that phosphatase activity and associated nutrient 
cycling may be the ultimate explanation for bloom formation within low P environments 
(Ellwood and Whitton 2007, Aboal et al. 2009, Sundareshwar et al. 2011). We note however 
that phosphatase is, like the upregulation of any trait, costly. Without selection pressure based 
on fitness gains, this trait would be maladaptive and lost. Moreover we note that biomass and 
D. geminata relative biovolumes, stalk material and downstream propagule pressure are 
positively correlated (Bray, J. unpublished data). Thus increasing fitness with increasing 
biomass is apparent. This argument is tempered however where we noted that greater 
biomass leads to competitive dominance by biovolume, and competition likely plays an 
important role in controlling D. geminata cell densities. Strong coupling between the 
frequency of dividing cells and nutrient concentrations may further suggest that mass transfer 
processes predominate nutrient acquisition, however within oligotrophic habitats D. geminata 
is likely chronically limited (Bothwell and Kilroy 2011). The importance of phosphatase 
acquisition and in nutrient cycling within a mat, may strongly depend on available water 
column phosphate, on the size of the mat, mat age, and where organic matter accrues through 
both allocthonous and autochthonous pathways. Thus such a strategy may be most relevant 
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within chronically P limited, stable environments such as those within the Waitaki River, 
New Zealand (Bothwell et al. 2014), enabling reduced reliance on mass transfer processes 
through bloom formation. As a caveat stalk production within D. geminata may be unrefined. 
That is to say, it is possible that the current D. geminata bloom forming invasive ecotype 
produces more stalk material and expresses more phosphatase than would be optimal for 
maximum fitness gains, although these traits appear to provide significant fitness benefits 
over other taxa. 
 
4.5.2. Physicochemical constraints and stimuli 
The niche of D. geminata has been well characterised, where in a hierarchical fashion 
biomass accrual is constrained by number of physicochemical controls, and stimulated 
through a the plastic ecophysiological response discussed. Biomass is stimulated by nutrient 
limitation and high light, with blooms generally occurring within hydrologically stable 
systems, most often dam or lake fed systems, with greatest biomass at intermediate velocities. 
However, it is the mechanism of stalk production due to phosphorus limitation, that drives 
biomass production and promotes these 'micro gradients' and phosphatase based phosphorus 
acquisition, which results in significant biomass accrual and high cell densities.  
Rivers and streams downstream of dams and lakes provides suitable habitat for the 
proliferation of D. geminata biomass for several reasons. For example, lotic water bodies 
dampen flood peaks, alter substrate, decrease the downstream transport of fine abrading 
gravels, and decrease biomass losses associated with disturbance (Kilroy et al. 2006; 
Kirkwood et al. 2007; Kirkwood et al. 2009; J. Bray unpublished data). Water chemistry 
changes can also occur with the passage of water through lakes, which may lead to higher 
concentrations of organic phosphorus and lower concentrations of available fractions 
(Tarapchak and Moll 1990; Wetzel 1993a), and thus provide a stimulus for worsening blooms 
in outflows (Kilroy and Bothwell 2011). 
 
4.5.3. Adaptation, exaptation, spandrels and mutualism 
Critical to the proper understanding of an organisms traits, distinctions may be made 
between mechanisms driving evolution. However, caution is necessary when examining the 
adaptive value of a trait and as Gould and Lewontin (1979) suggest, putatively looking for 
fitness increases risks numerous pitfalls. These include failure to determine primary from 
secondary adaptations, or incorrectly "accepting speculative hypotheses". Numerous 
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proposals have been made to explain D. geminata's peculiar bloom forming behaviour, with a 
variety of complementary adaptive explanations. However it appears that while 
complementary, the adaptive value and origins of facets of bloom formation may differ.  
Understanding the role of photosynthetic overflow, identifies the mechanism of stalk 
production and bloom development. In the sense of Gould and Lewontin (1979) this may be 
an initial 'architectural' constraint, where mat production is a necessary by product of nutrient 
limitation and high light (Kilroy and Bothwell 2011) and any subsequent adaptive value may 
be secondary to this primary adaptation. By products of stalk synthesis, such as resulting 
biomass may be considered spandrels, which may be defined as a necessary, but 
consequential and therefore a nonadaptive by product of adaptive evolution. The trait 
however may then be secondarily adaptive (or exaptive), with current, potentially crucial 
adaptive utility (Gould and Vrba  1982; Gould 1997). Stalk production leading to mat 
stabilisation and altered mat hydraulic characteristics (Larned et al. 2011), while critical may 
be considered a secondary adaptation or exaptation; the production and regulation of a 
biochemically complex enzyme allowing success in resource harsh conditions may however 
not fall into this category. Alkaline phosphatase production appears to be adaptive, 
expression is regulated in two ways, as discussed, thus phosphatase production appears 
directly linked to the mechanism of photosynthetic overflow and could therefore together be 
considered a complex primary adaptation. We believe that the beneficial characters 
associated with D. geminata biomass proliferations allowing heterotrophic bacterial cycling, 
substrate stabilisation, and modification of flows conducive to solute and organic matter 
retention with subsequent heterotrophic bacterial breakdown may be considered mutualisms, 
and secondary adaptations or exaptations.  
Finally from Darwin (1859) and Gould and Lewontin (1979) we understand a 
pluralistic approach is necessary, given interacting selective forces. We suggest that 
phosphatase production, photosynthetic overflow and related exaptations are collectively 
important to the dynamics that allow D. geminata dominance within resource harsh 
oligotrophic conditions (Wetzel 1993a,b; Gould 1997; Stevenson 1997). We propose that 
phosphatase based P acquisition is a single adaptive component to this trait, governed by 
multiple selective forces, and is complementary to, and dependent on the mechanism of 
photosynthetic overflow. 
 
4.6. Conclusions and implications 
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Here we have detailed hypotheses regarding the ultimate explanation for the plastic 
ecophysiological response of D. geminata to nutrient deprivation. Our conclusions are further 
consistent with and provide further evidence in support of a number of studies (Ellwood and 
Whitton 2007; Kilroy and Bothwell 2011; Bothwell and Kilroy 2011; Aboal et al. 2012; 
Sundareshwar et al. 2012). However we have extended these studies by placing these into a 
single conceptual model, we believe explaining the paradoxical behaviour of D. geminata in 
terms of its adaptive value. As stated earlier a number a caveats may be noted here, the 
relative roles of internal mat vs. external water column N and P use are unknown and likely 
vary spatially and temporally, thus the relative importance of phosphatase activity is 
uncertain and likely varies. However without phosphatase based fitness gains, we suggest 
trait expression would be maladaptive. We would further posit that where we understand the 
mechanism of bloom development and the ecological and evolutionary drivers of this trait, 
we understand that D. geminata is well adapted to, and a superior competitor within 
oligotrophic waters. We posit blooms facilitate reduced reliance on water column mass 
transfer processes, and may be key to facilitating faster rates of cell accrual, and are likely 
critical to the high sustained productivity noted in D. geminata in chronically limited P 
environments. These proliferations of stalk material, ultimately give rise to extremely high 
cell densities (Floder and Kilroy 2009), which must be the 'goal' of stalk production, enabling 
fitness gains, competitive dominance and facilitating invasiveness in oligotrophic habitats. 
We believe this hypothesis requires refinement and further study to further elucidate the 
relative roles of processes involved, particularly the role of heterotrophic microbial 
breakdown, and the roles of mass transfer versus internal nutrient cycling. 
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5.1. Abstract 
The invasion success of Didymosphenia geminata may be due to a variety of general 
and specific traits, and of characteristics of invaded habitats. Didymosphenia geminata is 
microscopic thus avoids detection, is well adapted to survival over long distances and 
oligotrophic environments. Didymosphenia geminata produces stalk material in response to 
phosphorus deprivation which results in biomass development, cell density increases and 
competitive dominance. This may be considered, a quantitatively novel resource use and 
acquisition trait, increasing rates of phosphours (P) acquisition in chronically P limited 
habitats. Where bloom development facilitates nutrient cycling, and enables greater rates of 
resource acquisition within oligotrophic habitats, this may reduce reliance on mass transfer 
process. The trait also stabilises substrates, enables competitive dominance though altered 
physiognomy, which collectively increase fitness in oligotrophic habitats. Asexual 
reproduction allows rapid invasion and biomass development, whilst sexual reproduction, 
thought to occur, may allow increased rates of adaptation to novel environments. In 
chronically oligotrophic habitats the ecophysiological response of D. geminata ensures 
competitive dominance. As stalk production is repressed with increasing P, competition with 
other taxa drives dominance declines. If the ecotype within New Zealand is the same that is 
invasive within the Northern hemisphere, ongoing global eutrophication is likely to reduce D. 
geminata presence and biomass within many rivers. Organisms such as D. geminata, capable 
producing 'resting cells', high rates of success in establishment, fast rates of spread, coupled 
with nuisance effects may be regarded as invasives of greatest concern. With quantifiable 
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impacts, and experimental examination of impacts suggesting habitat change drives 
assemblage differences, D. geminata fits both the definitions of a transformer and an 
ecosystem engineer. The importance of prevention cannot be underestimated where invasion 
scientists agree that invasion events are likely to continue into the future.  
 
5.2. Notes on D. geminata invasion 
 Invasive species are known to be a major threat to global biodiversity, but also 
influence community dynamics, ecosystem structure and function (Vitousek 1990). A biotic 
invader may be defined as a species that is transported to new ranges, with descendants 
proliferating, spreading and persisting (sensu Elton 1958). The spread of invasives is a global 
issues which is of paramount concern given ongoing habitat degradation, community 
homogenisation, and a global biodiversity crisis. However despite the known impacts the 
spread of invasive species seems likely to continue (Mack 2000). Moreover the cumulative 
impacts of invasions are generally considered more severe within aquatic environments than 
terrestrial environments. Freshwater invasions may be may be more likely to cause trophic 
cascades, and cause major changes to structure and function (Vitousek 1997; Ricciadi and 
MacIsaac 2011).  
Didymosphenia geminata (Lyngbye) M. Schmidt. (Bacillariophyceae) is an invasive, 
that seems to have undergone range expansion and has now been detected in numerous 
countries within both the northern and southern hemispheres. In oligotrophic habitats D. 
geminata blooms have increased in severity and frequency (Spaulding and Elwell 2007; Bhatt 
et al. 2008; Beltrami et al. 2008; Whitton et al. 2009; Kilroy and Unwin 2011; Rost et al. 
2011; Reid and Torres 2014). Rapid spread within the South Island of New Zealand has been 
well documented, where it has been detected in greater than 270 distinct lotic waterways. 
Reports indicate it has altered primary production, nutrient cycling, algal and invertebrate 
assemblage composition and densities, modifying behavioural interactions, collectively 
influencing a wide range of ecosystem processes (Kilroy et al. 2009; Aboal et al. 2012; 
Jellyman and Harding 2013; Taylor 2012). Thus D. geminata may be regarded as a very 
successful and ecologically damaging invasive. 
Invasion biology has developed and evolved since its inception, yet many challenges 
remain (Elton 1958; Richardson et al. 2011). During the SCOPE (Scientific Committee on 
Problems of the Environment) programme of the 1980's answers were sought for three major 
questions. These were (paraphrased from Williamson et al. 1986): Which habitats are 
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invaded; which species invade; and how can we manage invasions? In the following we 
discuss characteristics and invasion paradigms such as, traits promoting invasiveness, 
survival of propagules, novel resource use efficiency, preadaptations to an unfilled niche, 
reproductive strategies, the naturalization-invasion continuum concept, propagule pressure, 
habitat controls and trait plasticity (Richardson et al. 2000; Pyšek and Richardson 2006; 
Blackburn et al. 2011; Heberling and Fridley 2012). We further discuss evidence for the 
ecotype vs. environmental change hypotheses. The 'ecotype' hypothesis suggests that 
increased severity and frequency of D. geminata blooms and the apparent spread is due to the 
spread of a bloom forming ecotype. Challenging the assumption that D. geminata 
invasiveness and blooming tendencies have increased, the 'environmental change' hypothesis, 
suggests changes occuring are due to changes in anthropogenic environmental factors such as 
climatic, edaphic and water chemistry factors (Bothwell et al. 2014; Lavery et al. 2014).  
 
5.3. The invasion cycle and habitats D. geminata invades 
A biotic invasion may be divided into stages with related process, and controls on 
these processes examined. This allows a particular invasion to be broken into relevant 
components allowing the examination of processes, mechanisms and controls. A typical 
invasion cycle will involve three major steps. Introduction, naturalisation, and spread 
whereby an organism is classified as invasive. Different components of the invasion cycle 
occur dependant on a variety of controls or filters (Richardson 2000; Kolar and Lodge 
2001;2002; Blackburn et al. 2011). Here we adapt the invasion cycles of Richardson et al. 
(2000) and Blackburn et al. (2011). These cycles are similar and identify that failure of 
invasion can occur at any stage, while success at all is required to become invasive. As noted 
by Blackburn et al. (2011) a species may have several populations at different locations at 
different phases of an invasion cycle. 
The introduction phase (sensu Richardson et al. 2000) is defined as the transport of  
an organism across a major geographic barrier, to areas distant from sites of introduction via 
human means. The introduction of D. geminata to New Zealand is thought to have occurred 
through unintentional passive transportation via felt soled waders, or fishing gear. It is 
considered that the long distance travel of D. geminata requires a vector, and propagule 
survival, which is likely facilitated by adaptations such as 'resting cells' (Kilroy et al. 2007; 
Bothwell et al. 2009; Kilroy and Unwin 2011; Figure 1).  
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Naturalization then starts where abiotic and biotic barriers to survival and 
reproduction are overcome (Richardson et al. 2000). In D. geminata this encompasses 
establishment, reproduction and within river spread controls. A species needs to establish first 
and this may be governed by specific physicochemical and biotic controls within D. 
geminata. As an example after 10 years of spread, the Taieri River catchment remains free of 
D. geminata suggesting specific physicochemical conditions have not been met. The 
likelihood that no propagules have reached this catchment seems unlikely as it is known as an 
angling 'hotspot'. However, the Taieri has particularly high phosphate compared to other New 
Zealand sites (22 µgL
-1
 TP; 12 µgL
-1
 PO4 as soluble reactive phosphorus). Thus the absence 
of D. geminata invasion may be due to underlying geology or land use changes, altering river 
water chemistry, although the mechanism may be competition as indicated in chapter 3.   
Invasion further requires that spread occurs by propagules in areas distant from the 
site of introduction, or as is the case with D. geminata to adjacent waterways. Naturalization 
and invasion appear dependent upon low nutrients within a waterway, where interspecific 
competition may be important in determining success and survival.  
Propagule pressure is a fundamental determinant of invasion success (Simberloff 
2010). Propagule pressure within the invasion cycle of D. geminata may apply in two 
distinctly different ways, where rivers are longitudinally connected (Vannote et. al. 1980) but 
are discrete from freshwater habitats in adjacent catchments. Invasion may occur through a) 
D. geminata invasion to a new geographic region, and b) introduction events between 
habitats within a river. The former example applying to introductory events may be the norm 
(Simberloff 2009), however within rivers, upstream propagule pressure is likely critical in 
establishing and maintaining downstream colonies (Flöder and Kilroy 2009). Rates may 
depend on upstream biomass and proximity to colonised reaches and the biomass of those 
reaches (Kilroy and Dale 2006). Thus reaches with suitable habitats capable of supporting D. 
geminata will receive ongoing propagule pressure, leaving environmental factors to 
determine invasion success. 
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Figure 1. A framework for Didymosphenia geminata invasion (adapted from Richardson et al. 2000 and 
Blackburn et al. 2011). The invasion process may be divided into stages, where each stage has barriers to the 
next. Each barrier has requirements for a population to pass on to the next stage. Barriers are represented here 
are physicochemical, however results from chapter 3 suggest competition strongly influences D. geminata 
presence with increasing nutrient regime. With D. geminata invasion, the casual status may not apply, while 
naturalisation and invasion further fail to differ from one another. This reinforces that prevention at the 
introduction stage is key to slowing the spread of this invasive. References apply to filters and controls. 
The invasion ecology of D. geminata  
127 
 
 
Figure 2: Partial least squares path analysis model, examining the direct and indirect effects of possible causal 
pathways between landscape and reach scale predictors on Didymosphenia geminata biomass. Didymosphenia 
geminata data used Chapter 1. Path coefficients and associated bootstrapped P values are indicated beneath 
paths, R
2
 values shown within indices represent the proportion of variance explained by predictors. 
 
The question of 'which habitats are invaded?' is pertinent to D. geminata not just in 
determining invasion success, but also biomass and effects (Parker et al. 1999). Niche theory 
predicts that the distribution and abundance of organisms across landscapes is based on 
abiotic and biotic gradients (Hutchinson 1957; Chase and Leibold 2003). These gradients 
vary with scale, both spatially and temporally (Stevenson 1997). In contrast, stochastic 
demographic change, speciation, and dispersal also contribute to observed patterns in species 
assemblages (Hubbel 1997, 2001; Leibold et al. 2004). Mechanisms of dispersal are also a 
critical determinant of invasion success in D. geminata (Floder and Kilroy 2009; Simberlof 
2010; Kilroy and Unwin 2011). Research here and elsewhere has refined abiotic controls in 
D. geminata, both at the landscape, reach scales and patch scales (Miller et al. 2009; Rost et 
al. 2011; Kilroy and Bothwell 2011, Bothwell et al. 2014). Didymosphenia geminata 
presence within a waterway may be principally controlled by nutrient concentrations, 
disturbance regime, and the upstream occurrence of still waterbodies. In this thesis I have 
provided support for the hypothesis that blooms occur within oligotrophic habitats due to 
stalk development (Kilroy and Bothwell 2011; Kilroy and Bothwell 2012; Bothwell et al. 
2014). Further providing support for the upstream influence of lotic water bodies (Kilroy et 
al. 2006; Kirkwood et al. 2009) which influences disturbance regime identified in other 
studies to be fundamental determinants of D. geminata blooms at the landscape and reach 
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scales (Sutherland 2005; Kilroy et al. 2006; Kirkwood et al. 2007; Figure 2). At the patch 
scale a unimodal, subsidy stress relationship exists between biomass and water velocity 
(Figure 3), while average reach values show an inverse relationship. This subsidy stress 
relationship is likely due to increasing water velocity increasing rates of mass transfer 
processes. In contrast above ~0.4 m.s
-1
 losses from form induced drag increase, limiting 
biomass (Larned et al. 2004; Larned et al. 2011).  
 
 
 
Figure 3: Patch scale controls identifying a subsidy stress response of biomass with water velocity, from a broad 
scale survey of 55 sites within the South Island of New Zealand. A general additive mixed model outlines the 
non linear relationship of visual biomass estimates (Square root transformed) against point velocity readings 
within High biomass sites (GAMM: R
2
 adjusted = 0.056, P=0.017, n=140). 
 
Several researchers have shown the abundance and distribution of D. geminata is 
limited by increasing nutrients (Larned et al. 2007; Løvstad 2008; Lindstrom and Skulberg 
2008). This may be the result of a number of processes including; direct toxicity effects 
resulting in mortality, through reduced competitive ability at higher nutrient concentrations, 
or potentially through allelopathic interactions. Moreover these processes may occur during 
any period of the invasion cycle; establishment, reproduction, or spread phases. Floder and 
Kilroy (2009) examined resistance as a mechanism within periphyton mats within New 
Zealand. In a factorial experiment they demonstrated that invasion rates under two varying 
levels of propagule pressure were greatest where native periphyton communities were in 
early successional stages. Colonisation success was lower on clear substrates, highest with 
native communities that were 1-2 weeks old, and declined as native periphyton mats aged. 
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This suggests some level of biotic resistance of mature periphyton colonies. These findings 
are consistent with my results which demonstrate declines in D. geminata abundance with 
increasing native community cell densities. This illustrates that where the nutrient limitation 
response of stalk production is suppressed, D. geminata cell densities decline and may 
explain disappearances from higher nutrient rivers (Kawecka and Sanecki 2003). My results 
strongly suggest that mediated by nutrient concentrations, stability, and patch scale 
physicochemical conditions such as water velocity, interspecific competition may have strong 
negative impacts D. geminata cell densities (Figure 4).  
 
 
 
Figure 4: Competing periphyton taxa counts and D. geminata cells counts in experimental treatments within 
mesocosm channels after long term exposure to nutrient treatments (day 55). Results suggest an effect of 
competition on D. geminata cell densities. Moreover this effect is dependent on nutrient regime and 
microhabitat characteristics.  Mixed effects models with 95% confidence intervals, where T indicates a nutrient 
treatment effect with T*C a treatment competition interaction.  
 
The potential for allelopathic effects of commonly occuring native periphyton taxa 
negatively influencing D. geminata densities in higher nutrient waterways cannot be ruled 
out. Indeed with a number of studies demonstrating allelopathy within algal communities 
driving dominance declines in competing species (Rice 1984; Inderjit and Dakshini 1994). 
The "novel weapons hypothesis" of invasion science has also identified organisms with novel 
allelopathic adaptations enable greater invasion success (Svensson et al. 2013). However, 
while I have not examined allelopathy in this work, and although it may occur as a 
component of biotic resistance in many communities, is seems an unlikely contributing factor 
here where the dominant competing taxa were diatoms which are not known for allelopathic 
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toxicity. These included in order of importance Fragilaria tenerea (W.Smith) Lange-
Bertalot, Melosira varians C. Agardh, Tabellaria flocculosa (Roth) Kützing, Diatoma tenuis 
C. Agardh, Achnanthidium minutissimum (Kützing) Czarnecki, Synedra ulna var. biceps 
(Kützing) Kirchner, Synedra ulna (Nitzsch) Ehrenberg. 
 
 
 
 
 
Figure 5: a) Summary of counteracting processes and dominant mechanisms of periphyton biomass accrual and 
loss. Trapezoids depict a balance between loss and accrual processes which vary spatially and temporally 
dependant on associated processes. Dominant communities are denoted at either end of the spectrum. b) 
Mirrored summary representing accrual and loss processes for D. geminata biomass, whose accrual processes 
are dominated by an idiosyncratic ecophysiological response. Flow has been separated from the disturbance 
gradient where it represents and is related to both mechanisms of loss and accrual (modified with permission 
from Biggs 2000).    
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In the case of D. geminata however, nutrient deprivation leading to bloom 
development shapes communities within low phosphorus environments. This is facilitated by 
the peculiar idiosyncratic plastic response D. geminata exhibits to phosphorus deprivation 
(Kilroy and Bothwell 2011). Hormesis is a term for favourable biological responses to low 
exposures to stressors or toxins. Where D. geminata biomass and cell densities are greatest 
with increasing biomass in oligotrophic habitats, due to the plastic response to phosphorus 
deprivation and stalk production, the benefits of this trait become apparent. Phosphorus 
limitation, light and stability enable the development of biomass, providing a stark dichotomy 
with usual periphyton accrual processes (Kilroy and Bothwell 2011, Figure 5). 
 
5.4. Traits of a successful invader 
Extrapolation of experimental results suggests that viable D. geminata cells may 
survive in wet conditions, at 5 ˚C, with low levels of light, for over 8 months (Kilroy et al. 
2007). Furthermore damp colonies, under the same conditions are capable of surviving under 
a range of light treatments, including the dark, for over a month. Reduced viability was 
recorded with warmer temperatures (12˚C), although colonies still maintained cell viability at 
5% in both damp and wet (inundated) treatments for over a month (Kilroy et al. 2007; 
Lagerstedt 2007). Diatoms may survive low light or darkness by entering a dormant state or 
through heterotrophy. This adaptation is necessary to survive burial or long winters with low 
light conditions (McQuoid 1995, McQuoid and Hobson 1996; Peters and Thomas 1996). 
Dormancy was proposed by Kilroy et al. (2007) during these experiments, and provides the 
basis for understanding how D. geminata manages to survive long distance travel.  
Resource use efficiency and trait plasticity has also been suggested as a strong 
determinant of invasion success (Funk, 2008; Godoy et al., 2012; Paquette et al., 2012). 
Didymosphenia geminata exhibits trait plasticity, where with P deprivation, stalk material is 
produced resulting in thick benthic mats. Within these mats there is strong evidence that 
heterotrophic bacterial cycling (Sundareshwar et al. 2011; Larned et al. 2011), and 
phosphatase hydrolysis is occurring (Ellwood and Whitton 2007; Aboal et al. 2009), which 
may afford reduced reliance on mass transfer process and greater fitness within oligotrophic 
habitats. In this thesis I stained and used microcosm techniques to further characterise this 
trait and confirmed that this activity was located within the stalks of D. geminata. I further 
established that D. geminata exhibits higher rates of organic phosphorus breakdown, 
comparing native competing assemblages under similar nutrient regimes, while other authors 
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note stalk material may facilitate the hydrodynamic conditions suitable to nutrient cycling 
and heterotrophic bacterial metabolism (Wetzel 1993a,b; Larned et al. 2011). This response 
may be akin to hormesis where a mild stressor (resource limitation) induces changes that 
result in a net benefit to the organism (Figure 6a). The argument that cell division rates 
remains the same regardless of whether cells were associated with blooms or not, requires 
further clarification and investigation; although fundamental differences must have existed 
between colonies based on age of the mat and environmental conditions prior to laboratory 
analysis (Bothwell et al. 2014). While the amounts of PO4 assimilated from organic 
phosphates appears insufficient for phosphorus replete growth (Bothwell and Kilroy 2011, p 
573), we suggest a subtle response may be highly advantageous within chronically limiting 
habitats, and given time, may contribute significantly to competitive dominance, and the 
invasion success within resource harsh conditions (Figure 7a). The dramatic response of 
biomass to P limitation, may on a coarse scale be simply a decline in cell division rates 
(Figure 7b). On a finer scale a plateauing effect in cell division rates may occur, or some 
other nonlinear response (Figure 7c). Rates of nutrient cycling and phosphatase acquisition 
may also be spatially and temporally variable, dependent on light, column nutrient 
concentrations, the age of the mat, associated organic pools of nutrients, and mutualistic 
heterotrophic bacterial assemblages (Pringle 1988; Wetzel 1993b). Light and temperature 
may also influence bacterial metabolism and CO2 liberation, stimulating algal productivity 
while priming associated with algal exudates and oxygen may stimulate aerobic heterotrophic 
bacterial decomposition (Chrost and Siuda 2002; Frossard 2011). Funk and Vitousek (2007) 
suggested that plants that are adapted to low resource environments possess traits associated 
with resource conservation (e.g. low tissue-nutrient content, defence mechanisms), which 
may result in slower growth but may maximize resource use efficiency. Strategies that 
increase the efficient use of resources, may be termed conservative strategies, which can be at 
the expense of rapid growth, but ultimately increase fitness (Aerts and Chapin 1999; 
Heberling and Fridley 2013). Traits enabling enhanced resource use efficiency and capture 
are common to successful plant invasives of nutrient limited environments (Heberling and 
Fridley 2013). I suggest this is occurring in D. geminata and mat production represents a 
novel resource use/acquisition strategy, or perhaps more correctly an extension or 
quantitative difference in an existing resource acquisition strategy (Wetzel 1993).  
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Figure 6: a) Within river 'propagule pressure' as suspended cells L
-1
 with increasing biomass (data Chapter 1). b) 
Didymosphenia geminata cell densities increase with increasing stalk fragment densities, contrasting between 
experimental flow through mesocosm channel treatments (mixed effects model, data Chapter 3). Significant 
treatment effect is show with T, while significant increases in cell densities with stalk fragment densities are 
indicated in each treatment (C*F).  
 
Phylogenetic constraints exist in all organisms, with certain taxonomic groups never 
evolving particular traits which may explain how a novel adaptation may give rise to superior 
competitors (Mack, 2003). Didymosphenia geminata is not unique in the production of basal 
stalk material, but is unique in the ability to produce stalk material to this extent, in response 
to nutrient deprivation. Phosphatase production is a common response among algae to 
phosphorus limitation (Steinman and Mulholland 2006). In contrast stalk production and 
elongation responses to phosphorus limitation appear more rare, although similar documented 
cases exist in some bacteria (Schmidt and Stanier 1996). 
Reproductive strategies influence a wide variety of invasion processes and are strong 
determinants of invasion success. In particular the asexual reproduction in D. geminata likely 
increases the speed of invasions, enabling explosive growth within newly invaded habitats 
(Tobin et al. 2007 cf. Davis et al. 2004). Asexual reproduction may also determine the 
potential for range expansion through dispersal mechanisms, while also reducing residence 
time or the period of a lag phase (Rejmánek and Richardson 1996; Pyšek and Jarošik, 2005). 
Implicit in asexual reproduction is the absence of Allee effects. Founder effects may also be 
greatly diminished within adapted asexually reproducing organisms, perhaps especially those 
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with flexible reproductive strategies, and may explain genotypic differentiation among 
populations (DeMeester et al. 2002). Residence time synonymous with lag phase integrates 
aspects of propagule pressure, where increased time since introduction often leads to greater 
numbers of propagules, leading to greater probability of dispersal, establishment and invasion 
(Rejmánek and Richardson 1996; Pyšek and Jarošík 2005;  Simberloff 2010). However, New 
Zealand studies of D. geminata suggest no lag phase occurred (Lagerstedt 2007), which 
reinforces the importance of asexual reproduction in the invasion ecology of D. geminata.  
In contrast the ability to sexually reproduce intermittently may occur in D. geminata 
(Kilroy and Bray 2012), although auxosporulation does not require sexual reproduction in 
some diatoms (Kaczmarska et al 2014). Sexual reproduction which is likely occurring may 
also have significant advantages in invasives, increasing genotypic diversity and invasiveness 
through increased rates of adaptation to novel environments (Ellstrand and Schierenbeck 
2000; Tiébré et al. 2007). Case studies have observed this in the invasion success for a 
number of Ficus species which became invasive with the introduction of pollinators allowing 
sexual reproduction (Nadel et al. 1992). Daehler and Strong (1996) also note that 
hybridisation through sexual reproduction triggered increased rates of invasiveness in 
Spartina alterniflora. 
Evolutionary and ecological dynamics and processes can operate over similar time 
scales, are linked, and influence invasion dynamics (Sakai et al 2001; Yoshida et al. 2003, 
Sax et al. 2007; Lee and Gelembuik 2007). The short generation times, large populations, 
high rates of dispersal, and founder effects likely to occur within algae may promote 
increased rates of evolution, and thus may stimulate invasion. Indeed the biogeography of 
microorganisms supports these statements with the “everything is everywhere” hypothesis 
(Finlay 2002), as do the known limitations of the hypothesis (Vanormelingen et al. 2008). 
Disturbance is known to increase rates of evolution, through varying selection regimes (Lee 
and Gelembuik 2008). Numerous studies implicate or demonstrate evolution within invasives 
(Nadel et al. 1992; Daehler and Strong 1996; Lee 2002; Bossdorf et al. 2005; Donohue et al. 
2005; Lee et al. 2007; Kane and Rieseberg 2008), or as we believe to be the case with D. 
geminata, that an ecotype or genotype has become invasive. If this is the case then this would 
represent, identified due to the bloom forming attributes of this ecotype, a cryptic invasion 
(Lee 1999; Tsutsui and Case 2001; Saltonstall 2002; Meusnier et al. 2004; Chu et al. 2006; 
Gelembiuk et al. 2006; May et al. 2006; Caldera et al. 2008; Winkler et al. 2008).  
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Figure 7. Conceptual diagrams: a) Competitive interactions between Didymosphenia geminata and competing 
assemblages across a gradient of phosphorus concentrations. a1 Denotes D. geminata biomass, a2 taxa 
associated with mats, a3 increasing nutrient concentrations slow stalk production, with competitive dominance 
of co-occuring algal taxa, until a4 competitive exclusion occurs. b) Increased phosphorus concentrations cause 
apparent increases in  D. geminata cell division rates b1-3, yet these may not keep pace with rates of competing 
taxa b4, better adapted to greater nutrient regimes. We note that subtle differences in resource acquisition likely 
exist and may lead to distinct differences in cell division rates dependent on rates of resource capture through 
nutrient cycling and phosphatase acquisition b1,2,3, which may explain the paradoxical response to phosphorus 
deprivation. c) This relationship may similarly be viewed as resource stress, with an average decline in cell 
division rates (Bothwell and Kilroy 2012). However, associated with ash free dry mass biomass (AFDM) c5 
fitness increases may be expected, given greater resource acquisition through nutrient cycling and alkaline 
phosphatase activity. This results in increased cell densities with increasing biomass and increasing stalk 
densities. Thus in chronically limited phosphorus habitats, nutrient limitation drives D. geminata dominance 
through stalk production, whilst as phosphorus increases, competition leads to D. geminata declines. The 
subtleties and the subsidising extent of stalk production are unknown c1,3,4. 
 
5.5. Invasion of a new ecotype, climatic changes, or anthropogenic freshwater changes? 
An assumptions has been made in this paper; that D. geminata is an invasive species. 
However two basic competing hypotheses might explain the recent expansion of D. geminata 
within and from native ranges, and the increased frequency and extent of proliferations. The 
“ecotype” hypothesis suggests that increased occurrence and frequency of blooms is through 
the spread and invasion of an existing, or newly evolved bloom forming ecotype. Whereas 
the “environmental” hypotheses suggest that blooms are promoted due to anthropogenic 
environmental changes. Collectively these the anthropogenic environmental hypotheses 
include changes associated with global warming and climate (Lavery et al. 2014) and 
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anthropogenic change to climatic, atmospheric and edaphic processes causing oligotrophy 
and thus blooms (Bothwell et al. 2014; Taylor and Bothwell 2014). 
The anthropogenic environmental change hypotheses, suggests that changes to water 
quality, with decreasing available P concentrations are occurring within waterways. 
Suggesting that decreases in dissolved reactive phosphorus are occurring, dropping past a 
trigger point causing prolific stalk production (Kilroy and Bothwell 2011; Bothwell et al. 
2014). Bothwell et al. (2014) give a number of explanations for how anthropogenic changes 
to climatic and edaphic processes may alter the propensity for D. geminata bloom formation. 
These were; 1) that atmospheric fossil fuel and urbanization result in increased deposition of 
reactive nitrogen; 2) that alteration of snowmelt regimes and growing seasons alter 
phosphorus inputs to rivers; 3) N-enrichment of landscapes increases terrestrial productivity 
altering edaphic processes and productivity increasing phosphorus retention; 4) reduced 
phosphorus subsidies with  altered salmonid diadromy. These hypotheses identify D. 
geminata is native to the northern hemisphere, with blooms occurring in rivers where in the 
past D. geminata was present, and propose changes are due to these altered environmental 
conditions.  
While blooms appear to be restricted and promoted by P limitation (Bothwell et al. 
2014; Figure 2), most evidence for anthropogenic water quality/chemistry changes are 
associated with increasing trophic status, and eutrophication (Vitousek 1997; Smith et al. 
1999; Ansari et al. 2011). In support of the anthropogenic environmental hypothesis from this 
hypothesis may be noted where the experimental flow through channel mesocosm results 
here show increases in nitrogen, coupled with phosphorus limitation, may exacerbate D. 
geminata blooms (Figure 4: NP-N treatment effect). However, nitrogen and phosphorus 
loadings are often correlated to agricultural land use, thus patterns within a realised niche 
show declining D. geminata biomass with increasing NO3-NO4 (Figure 1). Manmade lakes 
and dams lending hydrologic stability, critical to biomass accumulation, may also alter the 
nutrient fractions and limit both bioavailability and total concentrations in outflows during 
summer (Tarapchak and Moll 1990; Wetzel 2001), providing support for this hypothesis. The 
role of large lakes may be especially pertinent within New Zealand where lentic water bodies 
are a major determinant of invasion success and biomass (J. Bray, unpublished results; Figure 
2). Where eutrophication is an issue within global waterways, the potential for anthropogenic 
oligotrophy leading to increased blooming seems unlikely however, but needs further 
clarification and study. Lavery et al. (2014) also cite an anthropogenic environmental change 
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hypothesis in a lake study, implicating climatic changes, but they do not provide evidence 
against an ecotype hypothesis. They suggest that the sharp increase in D. geminata densities 
within upper lake sediments (where D. geminata is also present in lower sediments), 
outlining an environmental trigger rather than invasion, with no sound argument against 
cryptic invasion. Environmental changes such as mean annual temperatures, earliest ice-off 
dates that occurred within Lac Humqui and Lac au Saumon (in eastern Canada), were also 
correlated with plankton assemblage changes. However, the presence of D. geminata in 
sediments, does not refute the invasive ecotype hypothesis. Pite et al. (2009) found few 
differences in the numbers of values from cores taken from Lake Naknek, Alaska between 
1218 and 2003. Using valve morphology they further suggest that historic valves differ from 
the current bloom forming species. Statistical differences were detected in valve length, width 
and head pole constriction between historic D. geminata, Lake Naknek, Alaskan population 
and bloom forming populations from Popo Agie, Wyoming; Waiau River, New Zealand; 
Blue River, Colorado; and from the Matapedia River, Quebec (Pite et al 2009). Moreover, 
three distinct morphotypes of D. geminata are known to occur within the northern 
hemisphere (Metzeltin and Lange-Bertalot 1995). Both the observation that, the extant bloom 
former differed from a historic morphotype (Pite et al. 2009), and the existence of differing 
morphotypes, lends support for the hypotheses that invasion of an existing ecotype is 
occuring. 
Didymosphenia geminata invasion within the South Island of New Zealand provides 
an example of rapid and thorough invasion, which may have also occurred within northern 
hemisphere habitats. The ecotype hypothesis suggests that either a recently evolved or an 
existing bloom forming ecotype is invading both northern and southern hemispheres. In 
support of this hypothesis there is sound evidence that D. geminata is accepted to be a new 
invasive within New Zealand, whilst similar invasions are accepted within the other areas of 
the southern hemisphere (Reid et al. 2012; Reid and Torres 2014). Moreover rapid changes in 
D. geminata biomass have been observed from one year to the next, which might be better 
predicted from invasion, than from environmental changes across numerous distinct rivers en 
masse. Didymosphenia geminata blooms have also been occurring for much longer periods 
within the northern hemisphere. Lindstron and Skulberg (2008) report the diatom has formed 
large masses over the past 40 - 140 years in a number of locations within Norway. In 
contrast, blooms have only appeared since the late 1980's on Vancouver Island (Bothwell et 
al. 2014), while 2006 was the first documented example occurring within the Matapedia 
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River, Quebec (Woriskey 2008). In Iceland the diatom was first reported in 1992 from the 
River Hvítá where unusual blooming were described, and was identified from another six 
systems over the next two years (Jónsson et al 2008). Its appearance, followed by the 
formation of blooms was also observed within Himalayan rivers, and this was attributed to be 
an accidental release, with the deliberate introduction of Salmo trutta fario (Bhatt et al. 
2008). Beltrami et al. (2008) also suggest that the mass occurrences of D. geminata are new 
and that new invasion is occurring, and suggest that the widespread damming of water ways 
for electricity generation is facilitating invasion. Although, we present a limited number of 
examples, these examples could support an invasive ecotype hypothesis. While the absence 
of evidence does not provide the evidence of absence, we suggest this evidence collectively 
supports the hypothesis that similar to the invasion within the South Island of New Zealand, a 
bloom forming ecotype has, and is, invading within the northern hemisphere.  
Genetics studies on D. geminata have identified vary in their findings, with Kelly 
(2009) suggesting D. geminata was introduced to North America through multiple 
introductions from Europe and then from America to New Zealand. Two genotypes were 
identified within New Zealand rivers, with a far greater number existed within the northern 
hemisphere. The author suggests that an admixture may be important allowing adaptation to 
novel environments potentially increasing invasiveness. However the same sequences used in 
this study, were examined by Nakov and Theriot (2009), who found the internal transcribed 
spacer regions (ITS-1 and ITS-2) were far too variable to give valid results.  
If this multifaceted, plastic resource acquisition strategy hypothesis, involving 
nutrient cycling and phosphatase activity is correct, as I and other authors provide evidence 
for (Ellwood and Whitton 2007; Aboal et al. 2009; Sundareshwar et al. 2011; Larned et al. 
2011); then we may expect the current variant to outcompete conspecifics and native taxa 
lacking this novel adaptation. This may then also explain biomass, cell density increases 
(Figure 6a,b) and invasion success (Funk 2008; Boyd et al. 2009; Paquette et al. 2012).  
Further too this a pluralistic approach is necessary where, evolution and maintenance of this 
trait is also dependent on the traits exaptive significance. That is to say, the same trait may 
have a variety of fitness advantages such as increasing competitive dominance, through 
altering the hydrodynamic environment, decreasing the effects of drag related stresses, whilst 
potentially increasing rates of mass transfer (Figure 4; Larned et al. 2011).  
Is D. geminata a new ecotype, or are global climate and changes to water chemistry 
changes to blame? Are facets of both hypotheses influencing D. geminata bloom frequency, 
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and invasion dynamics? We believe the most parsimonious explanation, based on 
phylogenetic evidence, morphological evidence, the chronology of appearances, evidence for 
a novel resource use trait adapting the organism to oligotrophic environments, adaptations to 
long distance travel, is that an invasive ecotype exists and is spreading rapidly (Spaulding and 
Elwell 2009).  
 
 
5.6. Didymosphenia geminata effects 
Some definitions of invasive species and invasion events include effects, where  
adverse impacts are a central theme of invasion ecology (Parker et al 1999; Colautti and 
Richardson 2009). An invader may have a variety of impacts on ecosystem structure and 
function. They may alter abiotic conditions, such as habitat complexity, light availability, 
nutrient availability, and the transport of materials through ecosystems. They may also alter 
biological diversity, distributions, densities and biomass, trophic structure, and behavioural 
interactions (Vitousek 1990; Parker 1999). They may also cause a range of negative 
economic and social impacts (Mack et al. 2000). One of the few accepted generalizations 
within invasion biology, is that the greatest impacts occur where non-indigenous species 
perform novel functions within recipient ecosystems (Ruesink et al. 1995; Parker 1999). Such 
as the invasion of a nitrogen-fixing plant into a region with nitrogen-poor soil (Vitousek and 
Walker 1989), or where invasive freshwater bivalves change structure and function through 
changes to sediment chemistry, grain size, turbidity, and altered hydrodynamics in near bed 
habitats (Sousa et al. 2009). Or as may be the case here, where I propose D. geminata is novel 
in the extent of resource acquisition and use. Moreover, where D. geminata forms 
proliferations, impacts are severe and the organism fits both the definitions of a ‘transformer’ 
and an ‘ecosystem engineer’ (Larned et al. 2007, Kilroy et al. 2009; Taylor 2013). A 
‘transformer’ changes the character, condition, or nature of a natural ecosystem over a 
substantial area (Falk-Peterson et al. 2006), while an ‘ecosystem engineer’ directly or 
indirectly controls resource availability through physical state changes in abiotic or biotic 
materials (Falk-Peterson et al. 2006). 
Important concerns with D. geminata have been the adverse economic, social and 
ecological effects (Cambell 2008). In contrast Asterionella formosa Hassal, is a good 
example of an invasive diatom, with no known negative effects (Vanormelingen et al. 2008). 
Paleolimnological cores examined from 14 lakes within New Zealand, showed no traces of 
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the diatom priori to 1880, with the first introductory events coinciding with European 
settlement (Harper 1994). The diatom is now common in New Zealand lakes, present in 45% 
with phytoplankton records. The only published study of this invasion was conducted by 
Harper (1994). This paucity of information, may be explained by the lack of known adverse 
effects. 
Indeed Ehrenfeld (2010) provide a review of traits and effects of successful invasives, 
showing that those with measurable impacts, have greater performance than natives species, 
while often altering ecosystems processes such as nutrient cycling. Competition in invasives 
rarely causes extinction, in contrast to predation (Sax et al. 2007). However the effects of D. 
geminata are severe, altering habitats and causing community shifts. Thus it is conceivable 
that D. geminata blooms may lead to local extinctions through habitat changes and resultant 
changes to biotic interactions (Taylor 2012; Chapter 2). 
 
 
 
5.7. Monitoring and management 
Prevention should be the first step to any biosecurity program. However, once an 
incursion occurs conservation planning starts, where existing invaded ranges, and knowledge 
on habitat associations are required to establish models of potential distribution and therefore 
impact (Kilroy et al. 2007; 2008). Dispersal mechanisms and vectors need to be elucidated, 
both natural and human mediated (Kilroy and Unwin 2011; Reid et al. (2012). Effects need to 
be established, where impacts vary dependant on habitats invaded and traits of the invader 
and . Reid et al. (2012) provide a comprehensive framework for D. geminata incursion and 
management, which could be adapted to other freshwater invasives. 
An approach to managing critical waterways of importance and new invasions may 
differ. Increasing phosphorus loads as suggested by Whitton et al. (2009) has the obvious 
benefit of limiting stalk growth and thus impacts in D. geminata, however this was not 
feasible where the amount of phosphate required was prohibitive. This approach also 
manages rather than eradicates. Treatment with flushing flows has been suggested as a means 
of mitigation by a number of authors (Kilroy et al. 2006). This was successful in the Waitaki 
in 2009, where a dam release achieved close to 3 times median annual flow at 300 m
3
s
-1
, 
removing D. geminata mats from habitats downstream and to the coast. Similarly a  dam 
release in the Opuha River (Canterbury), in 2013 was reported as less successful achieving 
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only 2 times median flow although substantial benthic growths were removed (Lessard et al. 
2013). 
The use of biocides has been investigated in New Zealand (Jellyman et al. 2010; 
2011), and has been tested within river systems as a pulse-dose (Clearwater et al. 2007; 
Clearwater et al. 2011). The effects on D. geminata toxicity and non target effects were 
examined in Princhester Creek, Southland, New Zealand. This creek was flowing at 0.243 
m
3
s
-1
 and had 859 L of a Gemex a chelated copper compound added over an hour period. 
Target concentration was 10-20 mgL
-1
 which peaked at 0.9km down steam at 12 mgL
-1
. 
Didymosphenia geminata was <5% viable down from 65-72% which lasted for >21 days post 
treatment. The authors suggest that this treatment may be effective within low biomass, early 
infestations, especially with repeated applications. Long term effects on algal, invertebrate 
and fish were deemed minimal although significant localised trout mortalities occurred, 
which were not predicted by laboratory toxicology results (Clearwater et al. 2011). 
Where humans are the primary vector and where fresh waterways are insular in nature 
this provides an advantage in the management of D. geminata. Human mediated dispersal has 
been implicated in the spread of D. geminata both at fine geographic scales and between 
countries. Recreational activities such as, fishing, kayaking, and power boating are thought to 
major causes of D. geminata spread within New Zealand (Kilroy and Unwin 2011). Thus 
unlike active dispersers, D. geminata may be limited in dispersal from waterway to waterway 
by other vectors, although there is anecdotal evidence water fowl and agricultural animals 
also transport the organism. Where the North Island of New Zealand remains free of D. 
geminata, this may be because: 1) the biosecurity response within New Zealand has been 
successful, or 2) North Island waterways are too high in phosphorus, or have too much or too 
little of particular micronutrients which may be important in the establishment process e.g. 
magnesium. If suitable habitat exists within the North Island as predicted by modeling 
studies, we expect the 'check, clean, dry' biosecurity program response may in the long term 
this may prove redundant. Once within a new geographic location, containment relies on 
complete compliance, and that people are the sole vector. 
As other authors have noted, epidemiological models may best apply when modelling 
D. geminata spread (Kirkwood et al. 2007; Reid et al. 2014). I believe that the ongoing 
spread is likely to continue unabated and such models coupled with information of habitat 
controls and risks such as ecotourism may provide opportunities to best manage the global 
spread of this organism. As noted elsewhere, management should prioritise efforts to stop 
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introduction (Clearwater et al. 2011; Reid et al. 2014). However geographic regions suffering 
from D. geminata invasion, appear to have been well predicted by early habitat distribution 
models (McNyset and Julius 2006 in Spaulding and Elwell 2007; Kilroy et al. 2007). 
If an initial introduction is caught early enough Clearwater et al. (2011) suggest that 
eradication may be possible. The viability of this as an option will depend on the size of the 
river and discharge, the stage of the infestation, the number of applications and the rapidity of 
response. Within anything over a small first order waterway, we expect this option is 
unrealistic however. Thus I  believe the emphasis must remain on limiting introduction to 
new waterways. 
The next steps in establishing the impacts of D. geminata should focus on impacts on 
ichythyofauna and food web analysis where within river aspects of primary producers and 
primary consumers are generally established, but broader food web effects, or cross 
ecosystem impacts are unknown. It also still remains unclear whether increases in blooming 
frequency, persistence and severity are: a) due to environmental factors anthropogenic, such 
as global warming or altered nutrient and impoundment regimes (Bothwell et al. 2014); or b) 
whether a new variant of D. geminata now exists which has begun expansion within both the 
Northern and Southern Hemispheres (e.g. Kirkwood et al. 2007). Within New Zealand 
impacts are clearly greatest within habitats where D. geminata blooms, with effects likely 
contingent on the persistence of blooms, which are dependent on river nutrient regimes, river 
hydraulic stability and the presence of lakes and impoundments.   
 
5.7. Conclusions 
A number of attributes strongly contribute to the invasive success of D. geminata. 
Including adaptation to oligotrophic habitats, through a novel, plastic, ecophysiological 
response increasing resource acquisition efficiency. Adaptations to aid dispersal such as mat 
formation and resting stages, coupled with asexual reproduction, likely strongly contribute to 
success. With support from traits of D. geminata as an invader, morphological changes, 
chronologies of invasion events with spread in new geographic locations, we suggest that the 
invasion of D. geminata represents the invasion of a bloom forming ecotype, well adapted to 
oligotrophy. 
While invasion science has made large inroads into predicting invasion success and 
impacts, the invasion of individual organisms is still difficult to predict. Given the 
idiosyncrasies associated with D. geminata ecology this organism makes a strong case for 
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autecological study of each new invasive. Moreover, as Sax et al. (2007) suggest, invasion 
events continue to provide valuable insight into invasion, ecological and evolutionary 
processes. 
Didymosphenia geminata provides invasion science with another example of a threat 
that where identified, it is already too late. Thus biosecurity must focus on stopping 
introductions at the border. However, among a host of potential invaders, and invasion 
pathways, invasions are likely to continue unabated (Richardson et al. 2011). 
Where rapid evolution within invasives is well documented, limiting admixture may 
be important to limit genetic variation available for adaptation to broader nutrient conditions 
(Kelly 2009). We note that a number of authors suggest D. geminata has widening tolerances 
to abiotic conditions (Kawecka and Sanecki 2003), which should be of particular concern. 
Within New Zealand at least however, D. geminata is limited to low nutrient habitats, where 
blooms and thus effects are largely restricted to oligotrophic stable environments.  
Within phosphorus or generally nutrient limited conditions, my findings imply that D. 
geminata is not limited in the same way native species are. Through a trait enabling enhanced 
resource acquisition, D. geminata dominates oligotrophic stable habitats, altering 
communities, transforming and engineering aquatic ecosystems. 
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Appendix 1.1. Table of sites, with associated key biotic variables and New Zealand Map Grid 
coordinates. Didymosphenia geminata relative abundance calculated as biovolume inclusive 
of stalk material ((D. geminata biovolume +D. geminata stalk biovolume estimates / 
competing algal taxa estimates) *100). 
Site 
Biomass 
category Region NZMGE NZMGN 
D. 
geminata 
biomass 
Chlorophyll 
a mg/m2 
AFDM 
g/m2 
D. 
geminata 
biovolume 
rel. abund. 
Ashburton 
River South 
Branch High Canterbury 2365141 5728292 151.5 196.7 151.6 99.9 
Dalgety 
Stream High Canterbury 2317275 5650640 62.6 119.2 64.2 97.4 
Hurunui High Canterbury 2459043 5817266 125.0 8.8 130.5 85.5 
Marewhenua High Canterbury 2322722 5586076 90.1 376.2 96.6 93.2 
Ohau High Canterbury 2286155 5648083 144.2 201.5 152.1 94.8 
Waitaki High Canterbury 2315763 5598963 181.7 157.5 181.8 99.9 
Cobb High 
Nelson/ 
Marlborough 2477564 6008572 154.0 102.8 154.7 99.5 
Matiri High 
Nelson/ 
Marlborough 2454259 5937998 84.5 507.2 90.5 93.4 
Takaka High 
Nelson/ 
Marlborough 2492064 6019462 63.4 172.4 75.0 84.6 
Upper Buller High 
Nelson/ 
Marlborough 2494393 5935578 129.0 164.9 135.6 95.1 
Birchwood 
Stream High Otago 2247644 5634102 146.3 74.5 148.8 98.4 
Kakanui High Otago 2335881 5567927 78.2 374.7 80.2 97.5 
Monowai High Southland 2089794 5478334 108.5 523.9 110.0 98.6 
Waitahu High West Coast 2420580 5902078 102.8 196.8 103.5 99.3 
Ahuriri 
Medium-
Low Canterbury 2269866 5633711 20.7 165.3 28.0 73.7 
Hakataramea 
Medium-
Low Canterbury 2324619 5625214 18.6 186.1 25.5 72.8 
Omarama 
Medium-
Low Canterbury 2268089 5630914 5.6 142.4 24.6 23.0 
Tekapo 
Medium-
Low Canterbury 2287049 5648310 21.3 95.8 26.7 79.8 
Baton 
Medium-
Low 
Nelson/ 
Marlborough 2491019 5992138 46.2 240.7 47.6 97.2 
Matakitaki 
Medium-
Low 
Nelson/ 
Marlborough 2453623 5926614 0.7 8.8 1.0 66.4 
Motueka 
Medium-
Low 
Nelson/ 
Marlborough 2496304 5999227 0.7 143.8 37.1 1.9 
Waimea 
Medium-
Low 
Nelson/ 
Marlborough 2520998 5988815 1.9 354.2 25.8 7.8 
Lindis 
Medium-
Low Otago 2233871 5600756 24.1 159.8 25.4 94.9 
Manuherikia 
Medium-
Low Otago 2254699 5574211 31.5 213.6 32.2 97.8 
Nevis 
Medium-
Low Otago 2195353 5551581 1.4 42.6 1.5 94.8 
Six Mile 
Creek 
Medium-
Low Otago 2285335 5524154 2.0 27.8 5.4 37.4 
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Von 
Medium-
Low Otago 2141885 5539665 0.1 9.3 1.5 9.5 
Inanguahua 
Medium-
Low West Coast 2412862 5906111 4.8 172.4 10.6 45.6 
Mangles 
Medium-
Low West Coast 2459718 5931637 1.7 147.1 20.6 8.0 
Styx 
Medium-
Low West Coast 2386610 5811730 10.7 172.4 11.0 97.4 
Fraser 
Positive-
absent Canterbury 2274112 5660857 0.0 418.5 104.2 0.0 
Rangitata 
Positive-
absent Canterbury 2373445 5691431 0.0 25.7 0.9 0.0 
Seaward 
Positive-
absent Canterbury 2459164 5817283 0.0 29.5 13.8 0.0 
Sisters 
Stream 
Positive-
absent Canterbury 2455761 5824925 0.0 420.4 9.0 0.0 
South 
Branch 
Hurunui 
Positive-
absent Canterbury 2456191 5819868 0.0 5.9 15.9 0.0 
Anatoki 
Positive-
absent 
Nelson/ 
Marlborough 2493117 6037697 0.0 140.0 81.4 0.0 
Wairau 
Positive-
absent 
Nelson/ 
Marlborough 2519463 5949068 0.0 38.6 10.4 0.0 
Aparima 
Positive-
absent Southland 2135001 5480440 0.0 54.2 20.0 0.0 
Mararoa 
Positive-
absent Southland 2117653 5510800 0.0 531.6 9.3 0.0 
Oreti 
Positive-
absent Southland 2140166 5494536 0.0 0.3 1.2 0.0 
Waiau 
Positive-
absent Southland 2093600 5475378 0.0 1.4 2.5 0.0 
Hokitika 
Positive-
absent West Coast 2345516 5827771 0.0 2.7 1.6 0.0 
Kokatahi 
Positive-
absent West Coast 2348251 5817396 0.0 0.8 -0.8 0.0 
Mikonui 
Positive-
absent West Coast 2327852 5808481 0.0 4.3 4.4 0.0 
Grey 
Positive-
absent West Coast 2373995 5862422 0.0 25.6 10.0 0.0 
Opihi Reference Canterbury 2349279 5668430 0.0 121.7 14.4 0.0 
Otiake Reference Canterbury 2315429 5598855 0.0 571.8 45.2 0.0 
Potts Reference Canterbury 2344622 5734800 0.0 203.4 18.6 0.0 
Thompson 
Creek Reference Canterbury 2241510 5561273 0.0 178.7 20.6 0.0 
Roding Reference 
Nelson/ 
Marlborough 2522119 5977513 0.0 211.4 73.8 0.0 
Fork Stream Reference Otago 2301699 5688386 0.0 17.7 9.8 0.0 
Kye Burn Reference Otago 2296545 5577267 0.0 67.0 10.7 0.0 
Taieri Reference Otago 2293728 5552717 0.0 444.2 49.8 0.0 
Arnold Reference West Coast 2376490 5857107 0.0 191.8 16.8 0.0 
Taramakau Reference West Coast 2388172 5828611 0.0 1.3 1.4 0.0 
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Appendix 1.2. Water chemistry methods and notes. Given the sensitivity of many water 
chemistry methods particularly phosphorus methods, care was taken during every stage of 
collection and analysis to ensure accuracy of measurement. Collection procedures involved 
acid washed in 5% (soaked overnight), these were then rinsed 4x with reverse osmosis (RO) 
water, and soaked overnight in RO water. These were then rinsed again with RO water before 
drying inverted. Lids were treated similarly. At each site a minimum of 2x unfiltered and 1x 
filtered 100mL river water samples were collected mid channel, mid water column (or as 
close to as was feasible). Prior to collection, river water or filtered river water, dependant on 
sample type, was also used to rinse containers. Filtered river water samples, involved 
filtration at the site using a 60mL syringe and field sampling apparatus. 47mm coarse glass 
fibre filters were used. 
 We also note that due to prolonged refrigeration at 4˚C, and transport phosphatases 
associated with river water will have altered water chemistry results. This is likely most 
prevalent within high biomass sites, where phosphatases hydrolysis of phosphomonoesters 
and potentially other phosphorus containing organic compounds occurs liberating 
orthophosphate. Unpublished results examining phosphatase activity across a range in 
temperatures support this assumption, although phosphatase activity was weak as an 
exoenzyme, with most associated directly with cells (unpublished results J. Bray). 
 The following are notes from the water chemistry analyst: Some remaining material 
was noted in a small number of samples, so samples were re-filtered prior to analysis (pers. 
comm. A. Heron, Hill Laboratories). It should be noted that there was insufficient sample to 
take the usual volume for the Total Akalinity titration. Therefore a smaller sample volume 
was used for this analysis. As a consequence, this result is indicative only and should be 
treated with caution. Insufficient sample required that a dilution be performed prior to 
analysis of sample 34 and 35, resulting in a detection limit higher than that normally achieved 
for the TKN analysis. It has also been noted that the result for Aparima River, Dissolved 
Reactive Phosphorus was greater than that for Total Dissolved Phosphorus and the Total 
Phosphorus, but within the analytical variation of these methods (pers. comm. A. Heron, Hill 
Laboratories). 
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Table A.1.3. List of test methods and calculations for water chemistry analysis, a description 
of the analysis, default detection limits and the samples each analysis was carried out on. 
Test Method Description 
Default detection 
limit Samples 
Total Dissolved Phosphorus 
Digestion* 
Filtered sample acid persulphate 
digestion 
- 1-55 
Total Kjeldahl Digestion Sulphuric acid digestion with copper 
sulphate catalyst 
- 1-55 
Total Phosphorus Digestion Acid persulphate digestion - 1-55 
Total Alkalinity Titration to pH (M-alkalinity), 
autotitrator. (Modified for alkalinity  
<20) 21st ed. 2005. 
1.0 g/m3 as CaCO3 1-55 
Filtration for dissolved 
metals analysis 
Sample filtration through 0.45μm 
membrane filter and preservation with 
nitric acid. APHA 3030 B 21st ed. 
2005. 
- 1-55 
Dissolved Calcium Filtered sample, ICP-MS, trace level. 
APHA 2125 B 21st edition 2005. 
0.05 g/m3 1-55 
Dissolved Magnesium Filtered sample, ICP-MS, trace level. 
APHA 2125 B 21st edition 2005. 
0.02 g/m3 1-55 
Total Nitrogen Calculation: TKN + Nitrate-N + 
Nitrite-N 
0.05 g/m3 1-55 
Nitrate-N and Nitrite-N Total oxidised nitrogen. Automated 
calcium reduction, flow injection 
analyser.  
0.002 g/m3 1-55 
Total Kjeldahl Nitrogen 
(TKN) 
Total Kjeldahl digestion, 
phenol/hypochlorite colorimetry. 
Discrete Analyser. APHA 4500-Norg 
C. (modified) 4500 NH3 F(modified) 
21st ed. 2005. 
0.1 g/m3 1-55 
Dissolved reactive 
Phosphorus 
Filtered sample. Molybdenum blue 
colorimetry. Discrete Analyser. APHA 
4500-P E (modified from manual 
analysis) 21st ed. 2005 
0.004 g/m3 1-55 
Total Dissolved Phosphorus Filtered sample. Total dissolved 
phosphorus digestion, ascorbic 
acid colorimetry. Discrete Analyser. 
APHA 4500-P E (modified 
from manual analysis) 21st ed. 2005. 
0.004 g/m3 1-55 
Total Phosphorus Digestion Total phosphorus digestion, ascorbic 
acid colorimetry. Discrete 1-55 
0.004 g/m3 1-55 
Reactive Silica Analyser. APHA 4500-P E (modified 
from manual analysis) 21st edition. 
2005 
0.10 g/m3 as SiO2 1-55 
Organic Phosphorus Calculation: Total Phosphorus - Total 
Dissolved Phosphorus. 
- 1-55 
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Appendix 1.3. and 2.1. List of variables used in data analysis for chapter 1 and 2. These 
include 6 response variables, 36 landscape scale predictors, 73 reach scale predictors and 2 
patch scale predictors. However the 33 spatial variables derived from PCNM analysis are not 
listed in full here. 
 
Variable 
type 
Variable name N Mean Std Dev Description, comments, reference. 
Response Didymobiomass 55 33.0 52.9 Primary response variable. Didymosphenia 
geminata biomass (AFDM) g.m-2 = ((D. 
geminata % composition of biovolume + D. 
geminata stalk % composition of Biovolume / 
100) * AFDM gm-2) 
Response %EPT 55 0.48 0.25 Percent of Ephemeroptera, Plecoptera and 
Trichoptera calculated from quantitative 
invertebrate samples.  
Response DgemSuspended 55 37 70 Continuous response variable of D. geminata 
suspended cell concentrations. Propagule 
pressure variable at the reach habitat scale. 
Response BenthicPresence 55 0.5 0.5 Binary variable of benthic presence, 
determined from periphyton counts. 
Response RiverPresence 55 0.6 0.5 Binary variable of river presence determined 
from benthic periphyton counts and suspended 
cell counts. 
Response 
(patch scale) 
Visual Biomass Index 140 389.2 685.8 Visual biomass index (see Kilroy et al 2007).  
VBI = % area covered * mat depth; Kilroy et 
al. 2007. 
Landscape 
predictor 
Lentic 55 2.0 1.2 The degree of lake, wetland, dam influence on 
flow at a site. Subjective scales based on GIS 
based estimation of flow derived from lentic 
waterbodies. 
Landscape 
predictor 
USPeat 55 0.0 0.0 Flow-weighted area of peat in upstream 
catchment (proportion) 
Landscape 
predictor 
USLake 55 0.0 0.0 Lake buffering in the upstream catchment, 
computed as described in the original REC 
Manual 
Landscape 
predictor 
USWetland 55 0.0 0.0 Flow-weighted area of wetland in upstream 
catchment (proportion) 
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Landscape 
predictor 
USWetlandLake 55 0.0 0.0 Summed USWetland and Lake values 
Landscape 
predictor 
USLWD 55 0.2 0.5 Summed USWetland, Lake and Dam Values 
Landscape 
predictor 
USIndigFor 55 0.3 0.3 Flow-weighted area of indigenous vegetation 
in upstream catchment(proportion), computed 
using cover estimates from LCDB1 
Landscape 
predictor 
USNative 55 0.8 0.2 Flow-weighted area of indigenous vegetation 
in upstream catchment (proportion), computed 
using cover estimates from LCDB1 
Landscape 
predictor 
USPasture 55 0.1 0.2 Flow-weighted area of pasture in upstream 
catchment (proportion), computed using cover 
estimates from LCDB1 
Landscape 
predictor 
USGlacier 55 0.0 0.1 Flow-weighted area of glacial cover in 
upstream catchment (proportion),computed 
using cover estimates from LCDB1 
Landscape 
predictor 
USDamEffect 55 0.2 0.5 Upstream effect of dams/barriers on 
diadromous species – all segments affected by 
downstream dams and in which species 
richness of diadromous fish could be expected 
to exceed 0.5 species per electric fishing 
sample are indicated by a value of 1 
Landscape 
predictor 
SumAverage 55 0.4 0.1 Pressure indices calculated from individual 
pressure factors (average) – see Leathwick et 
al. (2007) for calculation details 
Landscape 
predictor 
SumMinimum 55 0.3 0.1 SumMinimum Pressure indices calculated 
from individual pressure factors (minimum) – 
see Leathwick et al. (2007) for calculation 
details 
Landscape 
predictor 
LenticTotalArea 55 7.2E+0
6 
1.9E+
07 
Total wetland, lake dam and reservoir within 
the catchment area above study reach. 
Landscape 
predictor 
TotalNumberLentic 55 24.6 45.9 Total number of wetland, lake dam and 
reservoir within the catchment area above 
study reach. 
Landscape 
predictor 
DistanceLentic 55 1.8E+0
4 
1.7E+
04 
Distance to closest online lentic water body 
Landscape 
predictor 
AreaOfClosest 55 3.6E+0
5 
8.4E+
05 
Area of closest online lentic water body 
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Landscape 
predictor 
Geology 55 N/A N/A New Zealand rocks and Landforms 
incorporating data derived from QMap ( 
anekant.wandres@canterbury.ac.nz). 
Landscape 
predictor 
EarliestMeta 
 
3 0.055 0.23 Earliest metamorphic and sedimentary rocks 
created (c. 500-350 Million years ago). This 
rock type is similar in complsition to 
Greywacke which is a hard resistant sandstone. 
It is comprised of feldspar and fragments of 
preexisting rocks. Collectively Greywacke 
inclusive of early metamorphic and 
sedimentary rocks and Schist, underlies about 
70% of the land area of New Zealand 
Landscape 
predictor 
Greywacke 9 0.16 0.37 See Earliest meta. Greywacke underlies ~70% 
of the land area of New Zealand. 
Landscape 
predictor 
PostGondwana 14 0.25 0.43 Post-Gondwana sedimentary rocks were 
created less than 100 mya. These rock types 
are include coal measures and limestone 
sequences.  
Landscape 
predictor 
Schist 6 0.11 0.32 See Eealiest meta. The Haast Schist layer is a 
long belt extending ~2000 kilometers through 
and past both major Islands. Haast Schist 
differes from Greywacke in that it is harder 
where it has been acted on by crust presssure 
and temperature.  
Landscape 
predictor 
Volcanic 5 0.10 0.29 Minor volcanism may be noted within the SI 
created during Orogeny and subduction, 
mantle hotspots have created areas where 
volcanic rock type predominate. 
Landscape 
predictor 
VolcanicSedimentary 1 0.02 0.13 Old strata formed (c. 200-150 mya) during 
volcanic eruptions on the sea floor, now 
incorporated into orogenic belts. 
Landscape 
predictor 
Youngest 
Sedimentary 
17 0.31 0.47 This geology type is the youngest of and was 
created less that 2 mya. These are largely 
comprised of alluvial deposits, through river 
and glacier movement. Depositied through 
erosion for the Southern Alps and associated 
foothills. 
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Landscape 
predictor 
RECHard-
Sedimentary 
55 0.7 0.4 Infiltration of rainfall is variable. Where 
geology is fractured, infiltration is high, 
resulting in infrequent floods but sustained 
base flow. Low natural nutrient concentration. 
Low suspended sediment. Relatively coarse 
substrates (cobble, gravel, sands) depending on 
local morphology 
Landscape 
predictor 
RECAlluvium 55 0.1 0.3 Rainfall infiltration is high which tends to 
reduce flood frequency. There tends to be a 
high degree of surface water and ground water 
interaction. Base flows may be sustained by 
seepage or springs or may reduce in the 
downstream direction as water flows into the 
groundwater system. Water chemistry reflects 
the nature of the parent material. Note that the 
source information on catchment geology, the 
LRI, does not discriminate the parent material 
for alluvium. This makes the geochemistry of 
the Alluvium category variable 
Landscape 
predictor 
RECPlutonic 55 0.1 0.2 Infiltration of rainfall tends to be low. Low 
natural nutrient concentration. Low suspended 
sediment. Substrates tend to be ‘bimodal’, 
either large (boulder to cobble) or fine (sands) 
depending on local morphology 
Landscape 
predictor 
RECSoft-
Sedimentary 
55 0.1 0.3 Low infiltration resulting in increased floods 
and low base flow. High natural phosphorus 
concentration. Because of the relatively soft 
parent material suspended sediment 
concentrations tend to be high. In addition, 
substrates tend to be relatively fine (silts and 
mud) 
Landscape 
predictor 
RECVolcanic-basic 55 0.0 0.1 This is a broad category within which 
considerable variation may exist. Phosphorus 
concentration tends to be high relative to other 
geology categories. Substrates tend to be 
angular, well packed and stable 
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Landscape 
predictor 
Tussock 55 0.3 0.5 Flood peaks are attenuated by vegetation, and 
low flows are generally more sustained than 
Pastoral or Bare Ground Land-Cover 
categories. Nutrient concentrations tend to be 
low. Suspended sediment concentrations tend 
to be low resulting in high water clarity 
Landscape 
predictor 
Pasture 55 0.2 0.4 Flood peaks tend to be higher and recede 
faster. Low flows are generally more extreme 
relative to catchments with natural land cover. 
Nutrient concentrations are high relative to 
natural Land-Cover categories. Erosion rates 
tend to be high, resulting in low water clarity 
and fine substrates (silts and mud) compared to 
natural land cover 
Landscape 
predictor 
Indigenous.forest 55 0.4 0.5 Flood peaks are attenuated by vegetation, and 
low flows are generally more sustained than 
Pastoral or Bare Ground Land-Cover 
categories. Nutrient concentrations tend to be 
low. Suspended sediment concentrations tend 
to be low resulting in high water clarity 
Landscape 
predictor 
Bare.ground 55 0.1 0.3 The Bare Ground category tends to occur over 
large areas only in mountainous catchments. 
The hydrological and water chemistry 
characteristics of this class tend to accentuate 
the characteristics of the Mountain Source-of-
Flow category. Runoff response is rapid, low 
nutrient concentration and suspended sediment 
tends to be high 
Landscape 
predictor 
Impervious 55 0.0 0.0 Proportional cover of impervious surfaces in 
the upstream catchment , calculated by D. 
Brown, DOC, Christchurch. Values for the 
immediate catchment was calculated and 
traversed downstream and an area weighted 
average for the upstream catchment was 
calculated 
Landscape 
predictor 
NaturalCover 55 0.7 0.2 Indigenous vegetation cover in the upstream 
catchment (proportion), derived from satellite-
imagery. Values were traced downstream to 
calculate upstream catchment average for each 
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segment, with the contributions weighted by 
their flow 
Reach 
predictor 
Scrapers 55 9.1 14.2 Proportion of the benthic invertebrate 
community that are within the Functional 
Feeding group Scrapers 
Reach 
predictor 
CollectorBrowsers 55 87.2 15.4 Proportion of the benthic invertebrate 
community that are within the Functional 
Feeding group Collector Browsers 
Reach 
predictor 
Predators 55 11.0 8.2 Proportion of the benthic invertebrate 
community that are within the Functional 
Feeding group Predators 
Reach 
predictor 
Shredders 55 5.7 9.3 Proportion of the benthic invertebrate 
community that are within the Functional 
Feeding group Shredders 
Reach 
predictor 
FilterFeeders 55 8.8 13.8 Proportion of the benthic invertebrate 
community that are within the Functional 
Feeding group Filter feeders. 
Reach 
predictor 
AlgalPiercers 55 1.4 5.1 Proportion of the benthic invertebrate 
community that are within the Functional 
Feeding group Algal Piercers. 
Reach 
predictor 
CollectorBrowsersD 55 17886.
6 
1726
7.0 
Densities of benthic invertebrates within the 
Functional Feeding group Scrapers 
Reach 
predictor 
PredatorsD 55 2266.8 3304.
1 
Densities of benthic invertebrates within the 
Functional Feeding group Collector Browsers 
Reach 
predictor 
ShreddersD 55 1206.7 2097.
7 
Densities of benthic invertebrates within the 
Functional Feeding group Predators 
Reach 
predictor 
FilterFeedersD 55 2441.8 6459.
9 
Densities of benthic invertebrates within the 
Functional Feeding group Shredders 
Reach 
predictor 
AlgalPiercersD 55 350.2 1689.
3 
Densities of benthic invertebrates within the 
Functional Feeding group Filter feeders. 
Reach 
predictor 
ScrapersD 55 2416.2 4436.
6 
Densities of benthic invertebrates within the 
Functional Feeding group Algal Piercers. 
Reach 
predictor 
Elevation 55 319.3 239.0 Elevation above sea level as determined by 
handheld Garmin GPS CSX60 
Reach 
predictor 
Pfankuch 55 68.2 20.7 The river stability index developed by 
Pfankuch in 1975 (See Refs) 
Reach 
predictor 
Temperature 55 12.2 3.5 Spot temperature taken at the site 
Reach Dis.oxygen 55 11.5 1.3 Dissolved oxygen reading in mg/L 
Appendix 1.3 and 2.1 
164 
 
predictor 
Reach 
predictor 
Dis.oxygen% 55 106.5 13.1 Dissolved oxygen reading as a percentage 
accounting for temperature 
Reach 
predictor 
Canopycover 55 5.9 12.0 Canopy cover %, as determined using a 
densiometer from the middle of the reach 
(where possible) 
Reach 
predictor 
Whettedwidth 55 26.2 17.2 Current whetted width. Taken at the current 
lower bank. Occasionally this had to be 
estimated in larger rivers. 
Reach 
predictor 
Bankfulwidth 55 66.3 49.2 Bankfull width. Upper bank measurement. 
Where this was not easily measured it was 
estimated 
Reach 
predictor 
Width:depth 55 260.4 189.6 The ratio of bankfull width to average depth 
Reach 
predictor 
LpH 55 8.1 0.5 Laboratory derived pH, from unfiltered water 
samples 
Reach 
predictor 
LCond. 55 58.9 26.8 Laboratory derived conductivity from 
unfiltered water samples 
Reach 
predictor 
LSConductivity 55 70.8 33.9 Laboratory derived specific conductivity from 
unfiltered water samples 
Reach 
predictor 
Substrateindex 55 3.1 0.5 Substrate index (SI = 
0.08%bedrock+0.07%boulder+0.06%cobble+0
.05%pebble+0.04%gravel+0.03%sand&silt) 
calculated from >50 particles (Jowett and 
Richardson 1990) 
Reach 
predictor 
Embeddedness 55 54.0 7.5 Brusven substrate index -  BSI = DS.F. Where 
D=Dominant size class (%1-7), S=Substrate 
surrounding dominant substrate (%1-7). 
F=Fine sediment % surrounding dominant 
substrate 
Reach 
predictor 
AvgVelocity 55 0.4 0.2 Mean transect velocity  
Reach 
predictor 
MaxVel 55 0.7 0.3 Maximum velocity 
Reach 
predictor 
AverageDepth(m) 55 0.3 0.1 Mean transect velocity 
Reach 
predictor 
MaxDepth 55 39.9 13.5 Maximum depth 
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Reach 
predictor 
Froudes 55 0.3 0.1 Froudes number. A measure of shear stresses 
at the benthos. Fr = V/(D.g)0.5, where V = 
mean water column velocity (m/s); D = mean 
depth(m); g=gravity acceleration (9.81ms-2). 
Reach 
predictor 
TA 55 26.7 11.9 Total Alkalinity g/m3 as CaCO3  
Reach 
predictor 
Ca 55 7.2 4.0 Dissolved Calcium g/m3  
Reach 
predictor 
Mg 55 1.5 1.4 Dissolved Magnesium g/m3  
Reach 
predictor 
TN 55 0.2 0.2 Total Nitrogen g.m
-3 
 
Reach 
predictor 
N-N 55 0.1 0.1 Nitrate-N + Nitrite-N g.m
-3 
 
Reach 
predictor 
TKN 55 0.2 0.1 Total Kjeldahl Nitrogen (TKN) g.m-3  
Reach 
predictor 
DRP 55 0.0 0.0 Dissolved Reactive Phosphorus g/m3  
Reach 
predictor 
TDP 55 0.0 0.0 Total Dissolved Phosphorus (TDP) g/m3  
Reach 
predictor 
TP 55 0.0 0.0 Total Phosphorus g/m3  
Reach 
predictor 
SI 55 6.7 2.1 Reactive Silica g/m3 as SiO2 
Reach 
predictor 
OrganicPhosphorus 55 0.0 0.0 Total phosphorus minus Total dissolved 
phosphorus giving organic phosphorus 
concentrations. 
Reach 
predictor 
SegJanAirT 55 15.4 1.1 SegJanAirT Summer (January) air temperature 
(degrees C) – used in the absence of robust 
estimates of water temperature 
Reach 
predictor 
SegMinTNor 55 -0.6 1.6 SegMinTNorm Average minimum daily air 
temperature (degrees C) normalised with 
respect to SegJanAirT – negative values 
indicate strongly seasonal climates and positive 
values indicate weakly seasonal climates 
Reach 
predictor 
SegFlow 55 27.8 56.5 SegFlow Mean annual flow (m3/sec), derived 
from hydrological models, provided by Jochen 
Schmidt, NIWA, 2006 
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Reach 
predictor 
SegLowFlow 55 15.0 38.5 SegLowFlow Mean annual 7-day low flow 
(m3/sec), derived from hydrological models, 
provided by Jochen Schmidt, NIWA, 2006 – 
see http://wrenz.niwa.co.nz/webmodel/ for 
details. 
Reach 
predictor 
SegFlow4th 55 1.6 0.6 SegFlow4th 4th root transformed mean annual 
7-day low flow, i.e., (low flow + 1)0.25, 
accommodates the strong skew in distribution 
of values when fitting models, values are 
approximately linearly related to flow velocity 
Reach 
predictor 
SegFlowVar 55 0.2 0.1 SegFlowVariability Ratio of annual low 
flow/annual mean flow – indicates long-term 
stability of flow through the year 
Reach 
predictor 
SegSlope 55 0.6 0.8 SegSlope Segment slope (degrees), derived 
from GIS calculation using length and 
difference between upstream and downstream 
elevation for each segment 
Reach 
predictor 
SegSlopeSq 55 1.2 0.3 SegSlopeSqrt Square-root transformed 
segment slope (slope +1)0.5 
Reach 
predictor 
SegRipShad 55 0.1 0.1 SegRipShade Riparian shading (proportion), 
the likely degree of riparian shading derived by 
using national, satellite image-based vegetation 
classification to identify riparian shading in 
each segment, with the degree of shading then 
estimated from river size and expected 
vegetation height 
Reach 
predictor 
SegHisShad 55 0.5 0.2 Estimated shade assuming complete vegetation 
cover as could be expected during pre-human 
conditions 
Reach 
predictor 
SegRipNati 55 36.1 37.4 SegRipNative Proportion of native riparian 
vegetation within a 100 m buffer of the river, 
calculated using land cover information 
contained in version one of the Land cover 
Database (LCDB) 
Reach 
predictor 
SegCluesN 55 0.4 0.4 SegCluesN Nitrogen concentration (ppb) as 
estimated from CLUES, a leaching model 
combined with a regionally-based regression 
model, implemented within a catchment 
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framework (Woods et al., 2006) 
Reach 
predictor 
SegCluesLo 55 -0.4 0.3 SegCluesLogN Log10 transformed values of 
nitrogen concentration 
Reach 
predictor 
USAvgTNorm 55 -2.1 1.9 USAvgTNorm Average air temperature 
(degrees C) in the upstream catchment, 
normalised with respect to SegJanAirT, with 
negative values indicating colder (higher 
elevation)headwaters than average, given the 
segment temperature, and positive values 
indicating warmer temperatures 
Reach 
predictor 
USDaysRain 55 21.0 22.1 Days/year with rainfall greater than 25 mm in 
the upstream catchment to indicate the likely 
frequency of elevated flows, rainday 
frequencies were provided by Brett Mullan 
(NIWA) and were derived by averaging across 
estimated daily rainfalls over the 10 year 
period from 1990 to 2000 – indicates short-
term stability of flow through the year 
Reach 
predictor 
USAvgSlope 55 22.8 5.4 Average slope in the upstream catchment 
(degrees), describes catchment-driven 
modification of flow variability 
Reach 
predictor 
USCalcium 55 1.3 0.3 Calcium concentrations in surface rocks using 
values derived from the underlying LENZ 
layers – refer LENZ documentation for details 
Reach 
predictor 
USHardness 55 3.6 0.3 Average hardness (induration) of surface rocks 
using values derived from the underlying 
LENZ layers – refer LENZ documentation for 
details. 
Reach 
predictor 
USPhosporu 55 2.8 0.5 Phosphorus concentrations in surface rocks 
using values derived from the underlying 
LENZ layers – refer LENZ documentation for 
details 
Reach 
predictor 
ReachHab 55 4.3 0.3 Weighted average of proportional cover of 
local habitat using categories of: 1–still; 2–
backwater; 3–pool; 4–run; 5–riffle; 6–rapid; 7–
cascade, predicted from a boosted regression 
tree model – details of model fitting are 
provided in Leathwick et al. (2008). 
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Reach 
predictor 
ReachSed 55 4.3 0.4 ReachSed Weighted average of proportional 
cover of bed sediment using categories of: 1–
mud; 2–sand; 3–fine gravel; 4–coarse gravel; 
5–cobble; 6–boulder; 7–bedrock,predicted 
from a boosted regression tree model – details 
of model fitting are provided in Leathwick et 
al. (2008) 
Reach 
predictor 
FishEffect 55 0.3 0.1 Summed fish effects as described in Leathwick 
& Julian (2007) - values were rescaled into a 0-
1 range across all river segments. 
Reach 
predictor 
Order 55 5.1 1.3 River order 
Reach 
predictor 
DISTSEA 55 9.8E+0
4 
6.8E+
04 
Distance to sea. 
Reach 
predictor 
CATCHAREA 55 8.8E+0
8 
1.8E+
09 
Catchment area. 
Reach 
predictor 
LogNConcentration 55 -0.5 0.3 Log10 nitrogen concentration (ppb), range 
from -4.1 (very low concentrations) to3.1 (very 
high concentrations), based on CLUES, a 
regionally-based regression model 
implemented within a catchment framework 
(Woods et al. 2006) 
Reach 
predictor 
CoalEffect 55 0.1 0.3 Planning unit average for coal mine point 
discharges, with effects reduced downstream 
as for Downstream DamEffect - see Leathwick 
et al. (2007) for details 
Reach 
predictor 
MineEffect 55 0.0 0.1 Planning unit average for mineral mine point 
discharges, with effects reduced downstream 
as for Downstream Dam Effect - see 
Leathwick et al. (2007) for details. 
Reach 
predictor 
Oncmyk 55 0.1 0.2 Predicted probability of capture for 
Onchorhynchus mykiss based solely on 
environment 
Reach 
predictor 
Salfon 55 0.0 0.1 Predicted probability of capture for Salvelinus 
fontinalis based solely on environment 
Reach 
predictor 
Saltru 55 0.7 0.2 Predicted probability of capture for Salmo 
trutta based solely on environment 
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Patch 
predictor 
PatchVelocityHigh 140 0.3 0.2 Patch scale velocity readings from High 
biomass sites (relevant to Appendix 1 only) 
Patch 
predictor 
PatchDepth(m) 140 0.2445
50 
0.145
921 
Patch scale depth readings from High biomass 
sites (relevant to Appendix 1 only) 
Spatial 
predictors 
PCNM 1-33 N/A N/A N/A Principal coordinates of neighbour matrices 
variates representing fine and broad scale 
variation easting and northings 
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Appendix 1.4. 
Partial least squares path analysis model statistics including latent variable summaries, path 
coefficients and t and p values. This method was considered more appropriate here for data 
exploration given the limitation of the data, i.e. failure of normality of D. geminata biomass a 
key component of the model. Unlike classical the covariance based approach PLS-PM does 
not reproduce a sample covariance matrix, and is considered a soft modeling approach (Wold 
1982) with no assumptions made about sample size and distributions. While there are 
limitations with regards arguing strong causal relationships given replacement of the classic 
parametric inferential framework, hypothesis testing may be carried out based on resampling 
methods (Fornell and Bookstein 1982; Esposito et al. 2010). Formative constructs may be 
viewed as linear combinations of empirical indicators (Fornell and Bookstein 1982), allowing 
transparent within model variable reduction. 
 
Table A.1.4.1. Table of PLS-PM endogenous latent variables. Relationships between constructs and their 
indicators as indicated by indicator weight. Residual variation, communal variation relating to predictors and 
formative constructs are noted. All indices were formative. 
 
Variable Weight Residual variation Communal 
Redundant 
variation 
     Disturbance       
Pfankuch 1 1 0 0 
     Didymo biomass       
Dgem 1 1 0 0 
     Nutients         
TP 0.5689 0.5123 0.1088 5.231 
TN 0.5852 0.6362 0.0991 5.9022 
     Lentic         
Lentic 1 1 0 0 
     Physical         
Froudes 1 1 0 0 
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Appendix 2.2. Full algal taxa list with dbRDA species scores, constraining biplot scores and 
results from dbRDA of the algal assemblage as relative biovolumes (excluding D. geminata). 
 
Appendix A.2.2.1. Permutation testing results of the reduced model with the algal biovolume dataset. Results 
from dbRDA (Vegan:capscale) detailing the significance of constraining biotic and physicochemical variables 
within the algal and invertebrate communities. Distance based Redundancy analysis as a constrained ordination 
was employed here as it allows use of 'Bray-Curtis' dissimilarity which is a common transformation suited to 
relative abundance or proportional data presented here (Anderson et al. 2011). Results are from the reduced 
model involving 200 ANOVA permutations. Terms were added first to last. 
 
Model: capscale(formula = algaeND ~ DgemCS + PfankuchCS + TemperatureCS + TNCS +PCNM17, data = 
alldata, distance = "bray") 
 
Df Variance F statistic Permutations Pr(>F)   
DgemCS 1 1.4923 3.5478 199 0.005 ** 
PfankuchCS 1 0.6503 1.546 199 0.035 * 
TemperatureCS 1 0.6293 1.4963 199 0.035 * 
TNCS 1 0.6527 1.5518 199 0.01 ** 
PCNM17 1 0.7063 1.6793 199 0.01 ** 
Residual 49 20.6098         
 
 
Appendix A.2.2.2. Results from the algal dbRDA, outlining variance explained with inertia of 
constrained and unconstrained axes listed. Eigenvalues for constrained values are listed beneath.  
 
 
Inertia Proportion Rank 
Total 24.2835 
  Real 24.7407 1 
 Constrained 4.1309 0.167 5 
Unconstrained 20.6098 0.833 47 
Imaginary -0.4572 
 
7 
Inertia is squared Bray distance. 
 
Eigenvalues for constrained axes: 
   CAP1 CAP2 CAP3 CAP4 CAP5 
1.9122 0.7706 0.6927 0.4349 0.3205 
 
 
 
Appendix 2.2 
173 
 
Appendix A.2.2.3. Algal taxa list and scores from dbRDA, using Bray-Curtis dissimilarity (Vegan:capscale). 
Full taxa names have been provided where identifications were made with a high level of certainty. Many taxa 
were only identified to genus level, given the lack of reproductive structures (e.g.  Chlorophytes) or taxa were 
otherwise ambiguous. 
Taxa CAP1 CAP2 
Achnanthes amoena 0.000001 0.000000 
Achnanthes exigua 0.000003 0.000001 
Achnanthes oblongella Østrup -0.021076 0.041683 
Achnanthidium lanceolatum- Planothidium lanceolatum -0.000330 0.002712 
Achnanthidium linearis - Rossithidium linearis -0.002690 0.011198 
Achnanthidium minutissimum -0.008835 0.007737 
Anabaena sp. 0.000014 0.000002 
Ankistrodesmus densus 0.000003 -0.000009 
Ankistrodesmus falcatus 0.000000 0.000000 
Aphanocapsa sp. -0.004294 -0.006585 
Aphanothece sp. 0.000073 -0.000017 
Asterionella sp. -0.000534 0.006828 
Audouinella sp. -1.364749 0.079511 
Batrachospermum 'chantransia stage' -0.000781 -0.003181 
Brachysira vitrea -0.001187 0.006270 
Bulbochaete sp. -0.084332 -0.040234 
Calothrix cf. confervicola -0.000087 -0.000018 
Calothrix fusca -0.001351 0.000335 
Calothrix parietina -0.003890 -0.003158 
Calothrix sp. -0.000032 0.000008 
Chaetophora sp. -0.001756 0.000785 
Chamiesiphon convercolus -0.000050 0.000012 
Chamiesiphon sp. -0.000070 0.000027 
Chlorella sp. -0.001599 0.027000 
Chroococcus sp. -0.015338 -0.013358 
Cladophora sp. -0.442824 -0.471649 
Closteriopsis acicularis (Chodat) J.H.Belcher & Swale 0.000096 0.000074 
Closterium venus Kützing ex Ralfs -0.000075 -0.000327 
Cocconeis pendiculous -0.000080 -0.000176 
Cocconeis placentula (15 µm wide by 36 µm long) -0.037876 0.025467 
Coelastrum sphaericum Nägeli  -0.002339 -0.000436 
Cosmarium impressulum Elfving -0.000571 -0.000282 
Cosmarium sp. -0.003203 -0.002766 
Cyclostephanos sp. 0.000002 -0.000001 
Appendix 2.2 
174 
 
Cyclotella sp. -0.000244 -0.000282 
Cylindropspermopsis sp. 0.000002 0.000001 
Cylindrospermum sp. (4 µm long by 3 µm wide) -0.000001 -0.000060 
Cymbella aspersa -0.034249 0.167369 
Cymbella cistula var gracilis 0.000094 -0.000108 
Cymbella kappi (25-35 µm long by 10 µm wide) -0.010940 0.048747 
Cymbella tumida -0.004857 -0.004526 
Diatoma heimale 0.000274 0.293680 
Diatoma tenuis -0.012938 0.106607 
Diatoma vulgaris -0.097478 -0.069990 
Diatoma vulgaris morphotype distorta -0.055914 0.255476 
Dichothrix baueriana 0.000205 -0.000630 
Dichothrix sp. -0.000067 0.000023 
Draparnaldia sp. 0.000427 0.005270 
Encyonema caespitosum -0.000815 0.002194 
Encyonema gracile -0.000284 -0.000020 
Encyonema minutum (Hilse ex Rabenh.) Mann in Round -0.019173 0.060039 
Encyonema prostratum 0.003294 0.000345 
Epithemia cf. adnata -0.001182 0.000293 
Epithemia cf. turgida -0.029367 -0.023775 
Epithemia sorex 0.000000 0.000000 
Eunophora sp. -0.002579 0.001150 
Eunotia bilunaris -0.000019 0.000007 
Eunotia cf. minor -0.000023 -0.000042 
Eunotia serpentina -0.000002 -0.000003 
Fragilaria capucina Desm. -0.007371 0.030469 
Fragilaria capucina var capitellata -0.001810 0.009026 
Fragilaria cf. delicatissima 0.000006 -0.000001 
Fragilaria vaucheriae -0.003177 0.018058 
Fragilariforma viriscens -0.009800 0.012785 
Frustulia rhomboides var. crassinerva (Brébisson) Ross. -0.014355 -0.000538 
Frustulia vulgaris (Thwaites) 0.000065 0.000111 
Geminella sp. -0.004630 0.016658 
Gloeocapsa alpina (Nägeli) Brand -0.000059 -0.000063 
Gloeocapsa sp. -0.000041 -0.000029 
Gloeocapsopsis sp. -0.015255 0.070041 
Gloeococcus sp. -0.000013 -0.000001 
Gloeocystis sp. -0.000089 0.000073 
Gloeocystis cf. vesiculosa 0.000004 -0.000013 
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Gomphoneis minuta (Stone) -0.347462 -0.006356 
Gomphonema acuminatum -0.000168 -0.000452 
Gomphonema angustum -0.000054 -0.000281 
Gomphonema cf. olivaceum -0.002751 -0.001960 
Gomphonema clavatum 0.000000 0.000000 
Gomphonema gracile -0.001858 0.000009 
Gomphonema minutum -0.000128 -0.000521 
Gomphonema parvulum  (Kützing)  0.001145 0.113048 
Gomphonema stauriforme -0.000484 -0.000338 
Gomphonema truncatum 0.000007 -0.000037 
Heteroleibleinia purpurascens (Hansgirg ex Hansgirg) Anagnostidis & 
Komárek -0.039886 0.037250 
Homoeothrix cf. balearica -0.000001 -0.000002 
Homoeothrix cf. fusca -0.001103 -0.000654 
Homoeothrix cf. violacea -0.000071 -0.000203 
Homoeothrix juliana -0.000021 -0.000060 
Klebsormidium sp. -0.001433 0.013501 
Komvophorvon sp. 0.000003 -0.000001 
Leptolyngbya fragilis 0.000000 -0.000002 
Leptolyngbya frigida 0.000000 0.000000 
Leptolyngbya lagerheimii 0.000000 0.000000 
Leptolyngbya sp -0.000012 0.000001 
Leptolyngbya subtilis 0.000000 0.000000 
Lyngbya (7 µm wide by 3.5 µm long) -0.000112 0.000176 
Lyngbya aerugineo-coerulea (Kützing) Gomont 0.000000 -0.000005 
Lyngbya epiphytica Hieronymus -0.000355 -0.000238 
Lyngbya martensiana (Meneghini) Gomont 0.000000 0.000000 
Lyngbya rivulanarium -0.000035 -0.000030 
Lyngbya maior 0.000009 0.000008 
Mastogloia sp. -0.002479 -0.004293 
Melosira varians -0.274009 0.022923 
Meridion sp. -0.000304 0.000272 
Merismopedia glauca (Ehrenberg) Kützing  -0.000007 -0.000001 
Merismopedia sp.  0.000000 0.000000 
Microcoleus cf. chthonoplastes -0.000003 -0.000005 
Microcrosis geminata -0.000023 -0.000067 
Microcystis sp.  0.000366 0.005483 
Microspora quadrata Hazen (10 µm wide by 6 µm long) 0.000010 0.000001 
Microspora sp. (10 µm by 12 µm long) -0.021357 -0.003812 
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Monoraphidium arcuatum (Korshikov) Hindák -0.000380 0.000817 
Monoraphidium contortum (Thuret) Komàrková-Legnerová 1969 -0.000041 -0.000038 
Monoraphidium convolutum (Corda) Komárková-Legnerová 1969: 107 -0.000054 -0.000045 
Monoraphidium tortile -0.000027 -0.000006 
Mougeotia cf. depressa (Hassal) Whittrock (8-17 µm wide by 15-70 
µm long) -0.106613 -0.120627 
Mougeotia cf. laevis (Kützing) Archer (24 wide by 70-100 µm long) -0.300260 0.064136 
Mougeotia sp.(6 µm wide by 60 µm long) 0.000036 -0.000176 
Navicula capitoradiata Germain  -0.001039 0.001730 
Navicula cf. cryptotenella -0.000716 -0.000356 
Navicula cf. graciloides -0.003002 0.009611 
Navicula cf. margalithi 0.000144 -0.000702 
Navicula cf. wildii -0.023539 0.070353 
Navicula cryptocephala -0.000002 -0.000019 
Navicula lanceolata -0.001482 -0.001334 
Navicula radiosa -0.000548 -0.000138 
Navicula rhynchocephala -0.001176 0.005745 
Nedium affine -0.001055 0.000386 
Nitzchia cf. linearis -0.000605 -0.000016 
Nitzschia cf. dissipata -0.000229 -0.000207 
Nitzschia cf. gracilis -0.000018 0.000020 
Nitzschia cf. palea -0.001262 0.002056 
Nostoc cf. linckia (4-3 µm wide by 3 µm long - Heterocyst ~6 µm 
wide) -0.000131 0.000058 
Nostoc coeruleum -0.027367 -0.009994 
Oedogonium sp. (10-16 µm wide by 50-90 µm long) -0.077404 -0.025105 
Oedogonium sp. (15 µm wide by 32 µm long) -0.011054 0.000669 
Oedogonium sp. (10 µm by 25-35 µm wide) -0.066669 -0.203489 
Oedogonium sp. (35 µm by 60 long) -0.004431 0.001976 
Oscillatoria (10 µm wide by 2.5 µm long) 0.000000 0.000000 
Oscillatoria agardhii 0.000054 -0.000015 
Oscillatoria cf. limnosa 0.000001 -0.000001 
Oscillatoria cf. nigra 0.000226 -0.000077 
Pediastrum integrum Nägeli 1849 0.000845 -0.000221 
Pediastrum tetras (Ehrenberg) Ralfs 1844 0.000055 -0.000003 
Phormidium ambiguum 0.000000 0.000000 
Phormidium autumnale (6 µm wide by 5 µm long) -0.167458 -0.000251 
Phormidium foevolarium 0.000000 0.000000 
Phormidium retzii (5-6 µm wide by 2-5 µm long) 0.002144 0.029007 
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Pinularia sp. -0.002083 0.004256 
Placoneis placentula -0.009248 0.014086 
Protoderma frequens (Butcher) Printz  -0.094727 -0.085587 
Protoderma viride Kützing  -0.029476 0.007297 
Pseudanabaena sp. -0.000034 -0.000139 
Pseudanabaena cf. frigidia -0.000002 -0.000007 
Reimera sp. -0.006688 0.031755 
Rhizoclonium sp. 0.000142 -0.000039 
Rhoicosphenia curvata -0.001675 -0.000548 
Rhopalodia novaezealandiae -0.089193 0.079407 
Rhopalodia operculata -0.000767 -0.000160 
Scenedusmus acutiformis 0.000002 -0.000001 
Scenedusmus communis 0.000005 -0.000010 
Scenedusmus sp. -0.000091 -0.000099 
Schroederia robusta -0.001060 0.005348 
Scytonema cf. crispum -0.000147 -0.000411 
Sellaphora pupula -0.000189 -0.000039 
Shesukovia sp. 0.000060 -0.000014 
Spirogyra sp. (55 µm wide by 25 µm long) -0.636298 -0.614627 
Staurosira construens -0.000086 -0.000012 
Stigeoclonium sp. -0.019274 -0.003109 
Suriella augusta -0.000162 -0.000057 
Suriella bohemica -0.000300 -0.000031 
Synedra acus -0.002621 -0.000773 
Synedra delicatissima -0.019868 0.037216 
Synedra ulna -0.000021 -0.000178 
Synedra ulna var biceps -0.020810 0.228272 
Synedra ulna var contracta -0.004944 -0.009312 
Synedra ulna var ramesi -0.000197 -0.000203 
Synedra ulna var rumpens -0.006884 0.185720 
Tabellaria flocculosa 0.000122 -0.000050 
Tolypothrix distorta (10 µm wide by 1-3 µm wide) -0.030130 -0.040377 
Tolypothrix tenuis 0.005164 0.000366 
Treubaria schmidlei 0.000625 0.012521 
Tribonema sp. -0.031176 -0.011015 
Ulothrix sp. (12 µm wide by 7.5-10 µm long) -0.007808 0.002462 
Ulothrix sp. (28 µm wide by 10 µm long) -0.042288 0.375990 
Ulothrix zonata (40 µm wide by 35 µm long) -0.011730 -0.014055 
Uronema sp. -0.007628 -0.000782 
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Zygnema cf. cylindrospermum (West et. G.S. West) Krieger (20 µm  
wide by 17-35 µm long) -0.009245 0.005783 
Zygnema sp. (35 µm wide by 55 µm long) 0.002004 -0.004273 
 
 
 
Appendix A.2.2.4. Biplot scores for constraining variables. 
 
CAP1 CAP2 
DgemCS 0.8129 -0.1460 
Pfankuch -0.2973 0.7994 
Temperature -0.2221 -0.7337 
TN -0.4752 0.0869 
PCNM17 -0.5667 0.0165 
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Appendix 2.3. Full invertebrate taxa list with dbRDA species scores, constraining biplot 
scores and results from dbRDA of the invertebrate assemblage as relative abundance data. 
 
Table A.2.3.1. Permutation testing results of the reduced model with the invertebrate relative abundance dataset. 
Results from dbRDA (vegan:Capscale) detailing the significance of constraining biotic and physicochemical 
variables within the invertebrate communities. Distance based Redundancy analysis as a constrained ordination 
was employed here as it allows use of 'Bray-Curtis' dissimilarity which is a common transformation suited to 
relative abundance or proportional data presented here (Anderson et al. 2011). Results are from the reduced 
model involving 200 ANOVA permutations. Terms were added first to last. 
 
Model: capscale(invert ~ DgemCS + LenticCS + PfankuchCS + TemperatureCS + TPCS + SiCS + PCNM8 + 
PCNM24, data = env, distance = "bray") 
 
  Df Variance F statistic Permutations Pr(>F)   
DgemCS 1 0.8429 4.8405 199 0.005 ** 
LenticCS 1 0.5108 2.9336 199 0.005 ** 
PfankuchCS 1 0.9097 5.2238 199 0.005 ** 
TemperatureCS 1 0.4769 2.7387 199 0.01 ** 
TPCS 1 0.401 2.3029 199 0.03 * 
SiCS 1 0.4183 2.4021 199 0.02 * 
PCNM8 1 0.4914 2.8218 199 0.005 ** 
PCNM24 1 0.3414 1.9608 199 0.03 * 
Residual 46 8.0103 
    
       Significance codes:  <0.0001 ‘***’, <0.001, ‘**’ <0.01, ‘*’ <0.05 
 
 
 
Table A.2.3.2. Results from invertebrate dbRDA, outlining variance explained with inertia of constrained and 
unconstrained axes listed. Eigenvalues for constrained values are listed beneath.  
   
Inertia Proportion Rank 
Total 
  
11.3913 
  Real Total 
  
12.4028 1 
 Constrained 
  
4.3925 0.3542 8 
Unconstrained 
  
8.0103 0.6458 33 
Imaginary 
  
-1.0115 21 
 Inertia is squared Bray distance. 
        Eigenvalues for constrained axes: 
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CAP1 CAP2 CAP3 CAP4 CAP5 CAP6 CAP7 CAP8 
2.0925 0.8727 0.6385 0.2707 0.1989 0.1564 0.1021 0.0607 
 
 
Table A.2.3.3. Invertebrate taxa list and scores from dbRDA, using Bray-Curtis dissimilarity (Vegan:capscale). 
 
Taxa CAP1 CAP2 
Acarina -0.0034 -0.0079 
Acarina (Orbatei) -0.0213 -0.0342 
Berosus larvae 0.0004 -0.0006 
Elmidae 0.0076 0.0215 
Hyrdaendidae 0.0054 0.0099 
Lancetes L 0.0006 0.0001 
Ptilodactylidae larvae 0.0000 0.0002 
Scirtidae larvae 0.0075 -0.0017 
Collembola 0.0117 -0.0299 
Amphipoda 0.0003 -0.0009 
Calanoida 0.0081 -0.0058 
Ceriodaphnia 0.1241 -0.0885 
Chydoridae -0.3356 0.4126 
Cladocera -0.0005 0.0001 
Cyclopoida 0.0044 -0.0166 
Daphnia -0.0002 -0.0001 
Ostracoda -0.0351 0.0124 
Paracalliope fluviatilis -0.0703 0.0109 
Paranephrops planifrons -0.0001 0.0000 
Aphrophila 0.0130 0.0051 
Austrosimulium 0.0661 0.0412 
Blephariceridae 0.0001 0.0002 
Ceratopogonidae -0.0076 -0.0078 
Chironomus 0.0000 0.0000 
Corynonuera -0.0007 0.0003 
Empididae -0.0094 0.0194 
Ephydridae -0.0001 0.0000 
Eriopterini 0.0373 0.0103 
Hexatomini 0.0002 0.0002 
Maoridiamesa -0.1094 -0.0309 
Mischoderus -0.0001 -0.0003 
Muscidae -0.0112 0.0046 
Appendix 2.3 
181 
 
Orthocladiinae -0.8873 0.6017 
Paralimnophila skusei 0.0000 0.0003 
Podonominae 0.0022 -0.0010 
Stictocladius sp. 0.0888 -0.0369 
Stratiomyidae 0.0006 -0.0001 
Tabanidae 0.0000 0.0003 
Tanyderidae 0.0001 0.0001 
Tanypodinae -0.0278 -0.0066 
Tanytarsini -0.0790 0.3344 
Austroclima -0.0060 0.0176 
Austroclima sepia -0.0008 0.0005 
Coloburiscus -0.0329 0.0446 
Deleatidium 1.8229 0.0930 
Ichthybotus -0.0001 0.0000 
Leptophlebiidae 0.0000 0.0000 
Nesameletus 0.0030 -0.0008 
Microvelia macgregori -0.0006 0.0011 
Hirudinea -0.0007 -0.0012 
Archichauliodes 0.0029 -0.0159 
Ferrissia -0.0002 -0.0005 
Freshwater mussel -0.0004 -0.0008 
Gyraulus corinna -0.0009 0.0010 
Gyraulus sp. 0.0000 -0.0001 
Melanopsis -0.0003 0.0005 
Musculium -0.0019 -0.0038 
Physa -0.0072 -0.0036 
Potamopyrgus antipodarum -0.4575 -0.8437 
Nemertea -0.0007 -0.0001 
Nematoda -0.0275 -0.2665 
Oligochaete -0.1244 -0.6030 
Oligochaete (Annelida) -0.0039 -0.0149 
Platyhelminthes -0.0073 -0.0153 
Austroperla -0.0006 0.0001 
Megaloptoperla -0.0001 0.0000 
Spaniocercoides -0.0003 0.0000 
Stenoperla 0.0274 0.0192 
Zelandobius 0.1701 -0.1642 
Zelandoperla -0.0205 0.0267 
Aoteapsyche -0.0102 0.1840 
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Beraeoptera 0.0076 0.0243 
Confluens 0.0000 0.0027 
Costachorema 0.0019 0.0010 
Costachorema callistum 0.0007 0.0003 
Costachorema xanthopterum 0.0007 0.0004 
Helicopsyche albescens 0.0063 0.0060 
Hudsomema alienum 0.0000 -0.0004 
Hudsonema amabile -0.0150 -0.0061 
Hudsonema sp. 0.0001 0.0002 
Hydrobiosidae -0.0002 0.0476 
Hydrobiosis -0.0023 0.0223 
Hydrobiosis charadraea -0.0001 0.0001 
Hydrobiosis clavigeia 0.0004 0.0004 
Hydrobiosis copis 0.0000 0.0001 
Hydrobiosis parumbripennis 0.0005 0.0002 
Hydrobiosis soror 0.0000 0.0002 
Hydrobiosis spatulata -0.0005 0.0006 
Hydrobiosis umbripennis 0.0000 0.0001 
Hydrochorema -0.0013 -0.0012 
Hydroptilid -0.0260 -0.0036 
Leptoceridae -0.0003 0.0001 
Neurochorema confusum -0.0012 0.0013 
Neurochorema sp. -0.0020 0.0009 
Olinga feredayi 0.0648 0.0740 
Oxyethira albiceps -0.0924 0.0302 
Paraxyethira -0.0003 -0.0002 
Philorherthrus sp. 0.0000 0.0001 
Plectrocnemia sp. -0.0001 0.0000 
Polycentropodidae sp. -0.0006 -0.0006 
Polyplectropus -0.0052 -0.0035 
Psilochorema 0.0220 0.0210 
Psilochorema leptoharpax 0.0027 -0.0001 
Pycnocentria -0.0791 0.0132 
Pycnocentrodes 0.0179 0.0983 
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Table A.2.3.4. Biplot scores for constraining invertebrate variables. 
 
CAP1 CAP2 
DgemCS -0.5467 0.1004 
LenticCS -0.3732 -0.4811 
PfankuchCS 0.7224 -0.0159 
TemperatureCS -0.5951 0.2787 
TPCS 0.0581 -0.4837 
SiCS 0.1657 0.5231 
PCNM8 0.3837 0.1345 
PCNM24 0.2284 -0.2461 
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Appendix 2.4. 
Partial least squares path analysis model statistics including latent variable summaries, path 
coefficients and t and p values. This method was considered more appropriate here for data 
exploration given the limitation of the data, i.e. failure of normality of Didymosphenia 
geminata biomass a key component of the model (Figure 6.a.). Unlike classical covariance 
based approach PLS-PM does not reproduce a sample covariance matrix, and is considered a 
soft modeling approach (Wold 1982). This makes no assumptions made about sample size 
and distributions. While there are limitations with regards arguing strong causal relationships 
given replacement of the classic parametric inferential framework, hypothesis testing may be 
carried out based on resampling methods (Fornell and Bookstein 1982; Esposito et al. 2010). 
Formative constructs may be viewed as linear combinations of empirical indicators (Fornell 
and Bookstein 1982), allowing transparent within model variable reduction. 
 
Table A.2.4.1. Table of PLS-PM model statistics with D. geminata as an endogenous latent variable. 
Relationships between constructs and their indicators as indicated by indicator weight. Residual variation, 
communal variation relating to predictors and formative constructs are listed. All indices were formative. 
Variable Weight Residual variation Communal Redundant variation 
EPT 
    EPTCS 1 0 1 0.3024 
     Disturbance 
 
   
PfankuchCS 1 0 1 0.0607 
     Dgem 
 
   
DgemCS 1 0 1 0.4972 
     Nutients 
 
   
TNCS 0.4641 0.3121 0.6879 0 
TPCS 0.4512 0.5274 0.4726 0 
SiCS 0.4886 0.6107 0.3893 0 
     Lentic 
 
   
LenticCS 1 0 1 0 
     Physical 
 
   
Froudes 0.515 0.1168 0.8832 0 
MaxVel 0.5452 0.1042 0.8958 0 
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Table A.2.4.2. Table of PLS-PM model statistics with ash free dry mass as an endogenous latent variable. 
Relationships between constructs and their indicators as indicated by indicator weight. Residual variation, 
communal variation relating to predictors and formative constructs are noted. All indices were formative. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variable Weight Residual variation Communal 
Redundant 
variation 
EPT 
 
      
EPT 1 0 1 0.3898 
     Disturbance 
 
   
Pfankuch 1 0 1 0.0607 
     AFDM 
 
   
Ash-free dry mass 1 0 1 0.477 
     Nutrients 
 
   
TN 0.3875 0.3559 0.6441 0 
TP 0.5875 0.384 0.616 0 
Si 0.4235 0.7105 0.2895 0 
     Lentic 
 
   
Lentic 1 0 1 0 
     Physical 
 
   
Froudes 0.515 0.1168 0.8832 0 
MaxVel 0.5452 0.1042 0.8958 0 
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Appendix 2.5. Variance partitioning results from algal assemblage with conditioned model 
results for each. Backwards stepwise selected variables listed. 
 
Table A.2.5.1. Conditioned models to assess significance of variates and matrices listed on the algal community 
with D. geminata removed (Bray-Curtis dissimilarity). CS denoting variables have been centred and 
standardised.  
bcAlgaeND<-bcdist(algaeND, rmzero=F) 
   DgemCS, D. geminata biomass (CS) centered and standardised 
 algalEnv<-cbind(TemperatureCS,SiCS,Pfankuch,TNCS) 
  algaePCNM<-cbind(PCNM3,PCNM2)       
              
Permutation test for rda under reduced model       
Model: rda(formula = bcAlgaeND ~ DgemCS + Condition(algalEnv) + Condition(algaePCNM)) 
 
Df Var F N.Perm Pr(>F) 
 Model 1 0.08463 3.6785 199 0.005 ** 
Residual 47 1.08131 
                  
Moedlda(formul<= bcAlgaeND ~ algalEnv + Condition(DgemCS) + Condition(algaePCNM)) 
 
Df Var F N.Perm Pr(>F) 
 Model 4 0.14541 1.5801 199 0.005 ** 
Residual 47 1.08131         
              
Model: rda(formulModel = bcAlgaeND ~ algaePCNM + Condition(algalEnv) + Condition(DgemCS)) 
 
Df Var F N.Perm Pr(>F) 
 Model 2 0.06935 1.5071 199 0.02 * 
Residual 47 1.08131         
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1     
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Table A.2.5.2. Variance from algal partitioning results.  
Call: varpart(Y = bcAlgaeND, X = DgemCS, algalEnv, algaePCNM) 
     Explanatory tables: 
    X1:  DgemCS 
    X2:  algalEnv 
    X3:  algaePCNM  
    
     No. of explanatory tables: 3  
   Total variation (SS): 78.034  
               Variance: 1.4451  
   No. of observations: 55        
     
     Partition table: Df R.square Adj.R.square Testable 
[a+d+f+g] = X1 1 0.08683 0.06961 TRUE 
[b+d+e+g] = X2 4 0.15057 0.08261 TRUE 
[c+e+f+g] = X3 2 0.05831 0.02209 TRUE 
[a+b+d+e+f+g] = X1+X2 5 0.20373 0.12248 TRUE 
[a+c+d+e+f+g] = X1+X3 3 0.1511 0.10116 TRUE 
[b+c+d+e+f+g] = X2+X3 6 0.19316 0.0923 TRUE 
[a+b+c+d+e+f+g] = All 7 0.25172 0.14028 TRUE 
Individual fractions 
    [a] = X1 | X2+X3 1 
 
0.04797 TRUE 
[b] = X2 | X1+X3 4 
 
0.03912 TRUE 
[c] = X3 | X1+X2 2 
 
0.01779 TRUE 
[d] 0 
 
0.0311 FALSE 
[e] 0 
 
0.01376 FALSE 
[f] 0 
 
-0.0081 FALSE 
[g] 0 
 
-0.00137 FALSE 
[h] = Residuals 
  
0.85972 FALSE 
Controlling 1 table X 
    [a+d] = X1 | X3 1 
 
0.07907 TRUE 
[a+f] = X1 | X2 1 
 
0.03987 TRUE 
[b+d] = X2 | X3 4 
 
0.07021 TRUE 
[b+e] = X2 | X1 4 
 
0.05288 TRUE 
[c+e] = X3 | X1 2 
 
0.03156 TRUE 
[c+f] = X3 | X2 2   0.00969 TRUE 
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Table A.2.5.3. Conditioned models to assess significance of variates and matrices listed on the invertebrate 
community (Bray-Curtis dissimilarity). CS denoting variables have been centred and standardised. 
 
bcInvert<-bcdist(invert, rmzero=F) 
    DgemCS, D. geminata biomass (CS) centered and standardised 
 invertEnv<-cbind(LenticCS, TemperatureCS, SiCS, TPCS, PfankuchCS) 
 invertPCNM<-cbind(PCNM5,PCNM2,PCNM27,PCNM4,PCNM8)   
              
Permutation test for rda under reduced model       
Model: rda(formula = bcInvert ~ DgemCS + Condition(invertEnv) + Condition(invertPCNM)) 
 
Df Var F N.Perm Pr(>F) 
 Model 1 0.03912 2.0297 299 0.05 * 
Residual 43 0.82878         
              
Model: rda(formula = bcInvert ~ invertEnv + Condition(DgemCS) + Condition(invertPCNM)) 
 
Df Var F N.Perm Pr(>F) 
 Model 5 0.22513 2.3361 199 0.005 ** 
Residual 43 0.82878         
              
Model: rda(formula = bcInvert ~ invertPCNM + Condition(DgemCS) + Condition(invertEnv)) 
 
Df Var F N.Perm Pr(>F) 
 Model 5 0.20126 2.0885 199 0.01 ** 
Residual 43 0.82878         
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1     
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Table A.2.5.4. Variance from invertebrate partitioning results.  
Call: varpart(Y = bcInvert, X = DgemCS, invertEnv, invertPCNM) 
     Explanatory tables: 
    X1:  DgemCS 
    X2:  invertEnv 
    X3:  invertPCNM  
    
     No. of explanatory tables: 3  
   Total variation (SS): 82.45  
               Variance: 1.5268  
   No. of observations: 55        
     
     Partition table: Df R.square Adj.R.square Testable 
[a+d+f+g] = X1 1 0.07392 0.05644 TRUE 
[b+d+e+g] = X2 5 0.29742 0.22573 TRUE 
[c+e+f+g] = X3 5 0.24634 0.16944 TRUE 
[a+b+d+e+f+g] = X1+X2 6 0.32538 0.24105 TRUE 
[a+c+d+e+f+g] = X1+X3 6 0.30974 0.22346 TRUE 
[b+c+d+e+f+g] = X2+X3 10 0.43157 0.30238 TRUE 
[a+b+c+d+e+f+g] = All 11 0.45719 0.31834 TRUE 
Individual fractions 
    [a] = X1 | X2+X3 1 
 
0.01595 TRUE 
[b] = X2 | X1+X3 5 
 
0.09487 TRUE 
[c] = X3 | X1+X2 5 
 
0.07729 TRUE 
[d] 0 
 
0.03807 FALSE 
[e] 0 
 
0.08973 FALSE 
[f] 0 
 
-0.00063 FALSE 
[g] 0 
 
0.00305 FALSE 
[h] = Residuals 
  
0.68166 FALSE 
Controlling 1 table X 
    [a+d] = X1 | X3 1 
 
0.05402 TRUE 
[a+f] = X1 | X2 1 
 
0.01532 TRUE 
[b+d] = X2 | X3 5 
 
0.13294 TRUE 
[b+e] = X2 | X1 5 
 
0.18461 TRUE 
[c+e] = X3 | X1 5 
 
0.16702 TRUE 
[c+f] = X3 | X2 5   0.07666 TRUE 
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Appendix 3.1. Bloom stimulation, competition and nutrient limitation in D. geminata. 
Tabular diagram of experimental set up, inclusive of nutrient amendment changes and notes 
on samples taken, and photographs of experimental set up. Results from clod card dissolution 
rates between treatments and photographs of sampled areas of channel, and turbulence set up. 
 
 
Table A.3.1: Diagram of experimental set up, including sample collection dates, and nutrient changes. Dark blue 
signifies (N+P), pale blue (Control with no nutrient additions), and light blue with N only added. 
Days 
Samples 
taken Notes 1 3 5 2 4 6 7 9 11 8 10 12 
 
16/03/2012 Pumps Waitaki colonisation period. UV screens across all channels 
1 24/03/2012 Nutrients  W NP NP NP NP W NP NP NP NP W NP 
4 27/03/2012 Samples taken                         
5 28/03/2012 Samples taken                         
10 2/04/2012 Samples taken                         
13 5/04/2012 Samples taken                         
16 8/04/2012 Samples taken                         
18 10/04/2012 Samples taken                         
20 12/04/2012 Samples taken                         
25 17/04/2012 Samples taken                         
27 19/04/2012 Nutrient change W N  NP W NP W NP W N W W N 
28 20/04/2012 Samples taken                         
31 23/04/2012 Samples taken                         
35 27/04/2012 Samples taken                         
39 1/05/2012 Samples taken                         
49 11/05/2012 Samples taken                         
53 15/05/2012 Samples taken                         
60 22/05/2012 Samples taken                         
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Figure A.3.1: a) Experimental set up, looking east. b) Observable differences between nutrient treatments were 
quickly apparent. c) Trailer based channel mesocosm arrangement with over head reservoirs and valves, allowed 
easily adjustable flow between channels. d) Algal physiognomy appeared to strongly differ between water 
velocity treatments. Photo a) courtesy of P. Gerbeaux.  
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Appendix 3.2. Clod card dissolution results and  
 
Figure A.3.2. Results from repeated measures ANOVA from clod card dissolution between treatments. 
Diffusional rates of dissolution, were controlled for through subtraction of a blank immersed within river water. 
Clod card characterisation was conducted prior to nutrient amendment (Jokiel and Morrissey 1993; Thompson 
and Glenn 1994; Larned and Stimson 1995). 
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Figure A.3.3. Visual differences were apparent after 2.5 hours of dissolution, between laminar/slow sections and 
b) fast/turbulent treatments. Samples were collected for comparison of coarse effects of water velocity, between 
laminar sections (c1) and turbulence (c2). A buffer zone was also observed (black horizontal line). 
Characterisation also identified strong differences between fast zones d1 and zones that were depositional (d2).  
Only fast areas were sampled (d1).
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Appendix 4. 
 
Table 4.1. Linear mixed effects model results examining mmoles APA activity per cm substrate, with fixed 
effects of Treatment and minutes since pNPP addition. Random intercept model designated with ~1|Replicates 
as the random component. Analysis used lme in package nlme. 
 
 
 
 
Fixed effects: mmolesAPAcm ~ Treatment * (I(Minutes - 241))  
  
 
Value Std. Error DF t-value p-value 
(Intercept) 0.0492 0.0076 156 6.4434 0.0000 
TreatmentbRiverwater 0.0216 0.0108 12 2.0003 0.0686 
TreatmentcDgemP 0.0689 0.0108 12 6.3741 0.0000 
TreatmentdDgem 0.2037 0.0108 12 18.8469 0.0000 
I(Minutes - 241) 0.0001 0.0000 156 1.7910 0.0752 
TreatmentbRiverwater:I(Minutes - 241) 0.0001 0.0001 156 1.0728 0.2850 
TreatmentcDgemP:I(Minutes - 241) 0.0001 0.0001 156 2.3458 0.0202 
TreatmentdDgem:I(Minutes - 241) 0.0007 0.0001 156 13.6588 0.0000 
